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INTRODUCTION 


Values for the compression of several substances 
up to 45,000 kg/cm? at room temperature have 
already been published! In the following the 
method has been considerably improved and meas- 
urements made of the compression of 39 com- 
pounds which crystallize in the cubic system and 
whose structural constants are known from X-ray 
analysis, together with a few other substances, in 
the range up to 50,000 kg/cm?, and at two tem- 
peratures, room temperature and — 78.8°, the sub- 
liming temperature of solid CO. at atmospheric 
pressure. 


METHOD AND APPARATUS 


In brief the method is differential. The ma- 
terial to be measured is surrounded by a plastic 
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solid to transmit pressure approximately hydro- 
statically, and then compressed in a properly rein- 
forced vessel by the motion of a piston. The dis- 
placement of the piston is measured as a function 
of pressure. Distortion of the vessel and other 
parts is eliminated by making the method differen- 
tial, that is, by determining with a similar set-up 
the piston motion required to compress a very 
much less compressible substance whose compres- 
sion may be assumed known with sufficient ac- 
curacy from previous measurements in a smaller 
pressure range. The difference of the two piston 
displacements gives the differential compression, 
the distortion cancelling out if it can be assumed 
to be the same in the two set-ups. The accuracy 
of the method evidently decreases rapidly as the 
compressibility of the substance becomes smaller. 

The chief improvement in the new apparatus 
consists in the more effective external support 
given the pressure vessel. Whereas the maximum 
external pressure on the vessel was formerly some- 
what less that 17,000 kg/cem?, in the new design 
it is 26,000. This more effective external support 
not only decreases the distortion of the vessel and 
so increases the accuracy of the results, since the 
corrections for distortion are somewhat uncertain, 
but also has the important effect of materially in- 
creasing the life of the vessel. Formerly, the 
vessel rarely survived twenty applications of the 
maximum pressure, whereas now survival of 70 or 
more applications is not uncommon. 

It would not have been possible with the pre- 
vious arrangement to have applied 26,000 to the 
outside of the pressure vessel, for so high a pres- 
sure is considerably beyond the strength of the 
heavy tapered collar by which the external pres- 
sure is exerted. To reach 26,000 it is necessary 
to give the collar itself external support; this was 
done by making the collar double, the inner collar 
being tapered and supported externally by being 
thrust into an outer collar. That is, there are 
now three stages in reaching the maximum pres- 
sure, instead of two as formerly. The inner collar 
and the outer collar now function in the same way 
as the pressure vessel and its collar functioned in 
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the previous apparatus. In the new apparatus 
the external pressure is controlled independently of 
the internal pressure by means of a second hy- 
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Ficure 1. General view of the apparatus. 


draulic press, instead of producing the external 
pressure automatically by the same press that 
produces the internal pressure. This arrangement 
of the two presses was adopted in the first instance 
as a matter of convenience and in spite of its 
greater complication, because of the greater re- 
sulting flexibility, allowing a greater range of 
choice in the angles of the pressure vessel and 
collar and in the ratio of internal to external pres- 
sure. In the end, however, it proved necessary, 
because with the angles needed to reach the proper 
pressure automatically with a single press the 
strength of the pressure vessel against extrusion 
would have been too low. 

The new arrangement is shown in Figure 1, in 
which the parts are given to scale. The piston, 
P, with which the high pressure is produced, is of 
carboloy, from 0.250 to 0.262 inches in diameter, 
driven by a piston D 3.5 inches in diameter op- 
erated by a hand pump, the connection to which 
is indicated by the arrow T. The piston P rests 
on a carboloy block A 0.5 inch in diameter, which 
in turn rests on a hardened steel column B. The 
compressive stress in B is therefore only one 
quarter that in P, so that even with a pressure of 
60,000 kg/cm? in P the steel column remains 
within its elastic limit. The high pressure vessel 
C is thrust into the conical steel collar H, which in 
turn is thrust into the external collar I by means 
of the 6 inch piston F, which is also actuated by 
a hand pump, the connection to which is indicated 
by the arrow U. The 3.5 inch piston D together 
with its cylinder, E, rides on F. The exterior of 
the pressure vessel C was given a much larger 
taper than in the previous work, the taper now 
being 4 inches to the foot (on the diameter) 
against 1.125 in the previous apparatus. At first 
a smaller taper was tried, but trouble was found 
from the pressure vessel tearing apart at the 
threads under the combined action of the force 
expelling the screw plug and the tendency of the 
vessel to extrude itself through the conical opening 
in H. This latter tendency is diminished by in- 
ereasing the angle of the cone, allowing the walls 
to exert an increased longitudinal component in 
such a direction as to resist extrusion. The angle 
finally chosen was satisfactory in this regard, and 
the vessels very seldom fail at the threads. The 
chief disadvantage of making the angle of the cone 
large is that now a higher pressure must be ex- 
erted on the 6 inch piston F in order to generate 
a given pressure on the outside of C. With the 
dimensions given the pressure on F at the maxi- 
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mum was about 8,300 lb/in?, which means a total 
thrust of 235,000 lb on the thrust ring G, which 
has a total area of a little less than one square 
inch. This thrust ring was made of “Solar” steel; 
the stress is near the elastic limit and the rings 
sometimes cracked from radial expansion, but 
after some trial the proper heat treatment was 
found. The taper on the outside of the inner 
collar H was 2.75 inches per foot. At the maxi- 
mum the internal pressure on H was 26,300 
kg/em?, and the external pressure 11,400 kg/cm. 
With the dimensions this was fairly near the elastic 
limit of the steel (Solar), and a couple of these 
rings broke in the preliminary work. The be- 
havior of this ring is capricious; one was used for 
some 400 applications of the maximum pressure 
before breaking. The outer collar I is also of 
“Solar,” specially forged on a mandrel to give 
circumferential working to the fibres. The in- 
ternal pressure on it is the same as the external 
pressure on H, namely 11,400 kg/em?. It was 
given a preliminary treatment by a permanent 
stretching in two stages to a maximum of 17,500 
kg/cm? internal pressure and then ground to final 
size. Three of these rings have fractured in use, 
all near the conclusion of the measurements. Since 
the fracture of this ring is accompanied by the ex- 
plosive release of all the pressure on the 6 inch 
piston, the damage done may be considerable. 

Lubrication at the sliding surfaces between C 
and H and between H and I was done much as 
before. There was in the first place a wrapping 
of 0.002 inch lead foil, which was smeared on both 
surfaces with a paste made of flake graphite and a 
5 per cent soap solution. Formerly glycerine and 
water had been used in making this paste, but at 
CO, temperature this becomes very stiff and the 
friction high. Although the water in the soft 
soap freezes, the internal plastic flow strength of 
the ice is less than that of the congealed glycerine 
mixture, and the friction was very materially less. 
The internal mobility which is the accompaniment 
of the various polymorphic changes in the ice 
doubtless helps to reduce friction. 

The displacements of C into H and of H into I 
were determined with two Ames gauges at J and 
K as part of the routine of the measurements. 
These displacements are not directly used in the 
final result, and need not be known with high ac- 
curacy, but they are a useful check on the proper 
functioning of all the parts. By plotting these dis- 
placements with rising and falling pressure the 
external friction on the cones may be found, and 


in this way a value for the external pressure, 
which enters the calculation for the distortion of 
the vessel. In general, the friction was reproduc- 
ible to an unexpectedly high degree, so that no 
appreciable variation from run to run in the dis- 
tortion correction arises from this cause. Because 
of the blunter taper of the cones the friction was 
much less than with the previous apparatus. 

The crucial measurement is the displacement 
of P into C. Any attempted direct measurement 
of this is going to be somewhat in error because 
of distortion of various parts of the apparatus. 
A good deal of preliminary work was put into 
finding the best point of attachment for the gauge 
with which this displacement is measured. At 
some of the more obvious points of attachment the 
distortion may be so great as to more than mask 
the effect sought, giving under some conditions 
retrograde readings. The requirements in the 
point of attachment are that it be such that the 
distortion be reproducible, that it be free from 
frictional effects, and if possible that it be small. 
The arrangement shown in the diagram was 
checked by a variety of preliminary tests which 
it is not necessary to describe in detail, and seems 
entirely satisfactory. The most important feature 
of the final arrangement is the use of the fine 
hardened steel probe rod, L, reaching through 
the screw plug with which the pressure vessel is 
closed at the bottom, resting on a carboloy closing 
plug M. The longitudinal distortion of the 
threads of the closure plug could not be made 
reproducible, so that many simpler schemes could 
not be used. The block M must be of earboloy; 
hardened steel in this place is compressed beyond 
its elastic limit and the results are not reproduc- 
ible. Various blank runs showed that the total 
distortion of the parts of the measuring system 
at the maximum pressure is 0.016 inch. All the 
parts are well under their elastic limits, and there 
was never any evidence to suggest that this dis- 
tortion was not reproducible to the limits of er- 
ror, so that it drops out from the final difference. 
The gauge with which the displacement of the 
piston is measured via the probe rod is an Ames 
dial gauge, R, graduated to 0.0001 inch and read 
to 0.00001 inch. In the previous work the dis- 
placement was read with a gauge only one tenth 
as sensitive, but a lever magnifying arrangement 
was interposed with a magnification factor of 3. 
There is outstanding therefore a factor of about 
3 in favor of the new apparatus. 

The order of magnitudes of the piston displace- 
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ments was as follows. In a calibrating run in 
which the vessel was filled with iron and indium 
the total measured displacement at 50,000 was 
about 0.065 inch. Of this, 0.016 was contributed 
by the distortion in the press, 0.011 by the actual 
compression of the iron, 0.022 by the compression 
of the indium, and the balance 0.016 by the in- 
crease of cross section of the pressure vessel. The 
total measured displacement of the piston for a 
filling with a substance of average compressibility 
was 0.100 inch. The difference, 0.035, was there- 
fore given to one part in 3500, reading the Ames 
gauge to its limit of sensitiveness. In spite of the 
smallness of the displacements, the accuracy was 
not limited by this factor. 

In order to protect the Ames gauge from ex- 
plosions, the probe rod transmits its motion 
through a brass pin and a heavy weight, S, the 
brass pin shearing off if the probe rod is explos- 
ively expelled. There is a further safety arrange- 
ment, not shown in Figure 1, which limits the 
motion of the screw plug, if it should be expelled 
in an explosion, to about 0.5 inch. 

The thrust of the 6 inch piston is transmitted 
to the pressure vessel and from the collars support- 
ing the pressure vessel to the frame of the press 
by means of the thin sleeves N and O of hardened 
tool steel. These are made of as small cross sec- 
tion as is safe to keep them certainly below the 
elastic limit. This is done in order that heat con- 
duction from the bath in which the pressure vessel 
and its collars may be immersed may be as small 
as possible. In this work the can of sheet iron 
Q was filled with solid CO. and alcohol for the 
low temperature runs, and it was of course desir- 
able to restrict thermal conduction to other parts 
of the apparatus as much as possible. 

The essential measurement, beside the displace- 
ment of the piston into the pressure vessel, is the 
pressure on the piston P. This was obtained di- 
rectly from the pressure in the liquid driving the 
piston D. It is therefore necessary that D move 
with the least possible friction. The interior of 
the cylinder E in which D moves was finished as 
smooth as possible by grinding, and the packing 
on the end of D was a smoothly cut dise of “Du- 
prene” 0.125 inch thick held between retaining 
dises of brass also 0.125 inch thick. The friction 
with this arrangement is only a few per cent, and 
smaller than the friction on the high pressure end 
of the piston P. Simultaneously with the increase 
of internal pressure produced by increasing pres- 
sure on D, the external pressure on the vessel C 


must be increased by increasing the pressure on F. 
The internal volume of C is affected very ma- 
terially by the changes of external pressure, so 
that if pressure on F is not increased smoothly, 
and in the correct ratio to the increase of pressure 
on D, the resulting displacements will be irregular. 
At first various schemes of manual control of the 
pressure on the two pistons D and F were tried 
without sufficient success. Finally D and F were 
connected by a pressure multiplier, not shown in 
Figure 1, so that the pressures on D and F were 
maintained automatically in the correct proportion, 
which was found by a preliminary trial. This 
pressure multiplier consisted simply of one piston 
pushing another of different area. There was, of 
course, some friction in the multiplier, but by 
using the same packing technique as on D (and F) 
this was kept to a sufficiently low figure. The 
capacity of the two cylinders of the multiplier was 
sufficient so that it was possible to reach the maxi- 
mum pressure by pumping only into the side of 
the multiplier connected to F; similarly pressure 
was released by opening a valve in the F side of 
the multiplier. 

The pressure on D was controlled by a 0.25 
inch dead weight free piston gauge connected in 
series between the multiplier and D. Pressure 
was increased in 30 equal steps from zero to the 
maximum by succeessive addition of equal weights 
to the piston gauge, and similarly released by suc- 
cessive removal of weights. The procedure, after 
one reading was completed, was to place the next 
weight on the piston gauge, and then to pump 
by hand into F until the free piston gauge rose 
because of the increased pressure transmitted to 
it from the multiplier. The pipe connecting the 
piston gauge to D was constricted by a wire nearly 
filling the bore, so that pressure was transmitted 
only slowly from the piston gauge to D. In this 
way fluctuations in pressure were retarded and 
smoothed out so that pressure on D did not over- 
shoot the mark while the piston gauge was over- 
coming the inertia of the weights and rising. 

In spite of the external support, the pressure ves- 
sel is strained beyond the elastic limit at every ap- 
plication of pressure, and eventually breaks, 
although this may be deferred for 70 to 80 applica- 
tions. The distortion of the vessel therefore shows 
hysteresis and all the other phenomena to be ex- 
pected beyond the range of elasticity. In order to 
obtain reproducible results it is necessary to proceed 
on a rigorous time schedule. At each temperature, 
room temperature or carbon dioxide temperature, 
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a seasoning application of the maximum pressure 
was first made in six large pressure steps, and 
readings made with increasing and decreasing pres- 
sure to check that the apparatus was functioning 
properly and roughly to locate any polymorphic 
transitions, if there were such. The regular read- 
ings were then made in 30 equal steps up and 
30 equal steps down on a time schedule of 2 
minutes to the step, the gauge R being read on 
the conclusions of the 2 minutes and immediately 
before the next increase of pressure, the pressure 
in the meantime having been held constant by the 
piston gauge. Piston displacements (readings of 
R) were then plotted against pressure. The re- 
sult is a loop, the decreasing readings never coin- 
eiding with the increasing readings because of 
friction in one place or another and because of 
hysteresis in the distortion of the pressure vessel. 
The greatest friction is at the end of the piston 
P and in the material in the interior of the pres- 
sure vessel as it slides along the walls to take up 
the compression. As in the measurements already 
published, the material under measurement is en- 
closed in the pressure vessel in a capsule of a soft 
metal, by which pressure is transmitted to it ap- 
proximately hydrostatically. In the previous work 
this metal was lead. Preliminary exploration 
before these measurements showed that indium 
is somewhat superior to lead for this purpose, 
being materially softer, and it was accordingly 
used in all this work. The amount of indium 
required is small, and it can be used a number 
of times, so that the expense was not an important 
factor. 

The total width of the loops of piston displace- 
ment against pressure, that is the difference be- 
tween increasing and decreasing pressure for a 
fixed displacement, averaged about 12 per cent of 
the mean pressure at the maximum. The error 
in the curve median to the loop cannot therefore 
possibly be more than 6 per cent. The actual 
error in the median curve of course is much less 
than this, since it is determined by the failure 
of friction and hysteresis to be reproducible on 
the different runs. This 6 per cent is the net re- 
sult of all the differences between the ascending 
and the descending branches. Friction at the 
various pistons produces a true hysteresis loop, 
the displacement with decreasing pressure lagging 
behind that with increasing. Paradoxically, how- 
ever, friction on the external conical surface of 
the pressure vessel makes a contribution to the 
loop in which the displacement leads instead of 


lags, because when pressure is too high on the ex- 
terior of the vessel the internal volume is too 
small and the piston has to be withdrawn to com- 
pensate. This effect may be very appreciable, 
and it was not at all unusual for the loop at CO. 
temperature to be narrower than at room tempera- 
ture because of the greater friction on the coni- 
eal surface between C and H. It follows that the 
narrowness of the loop cannot be used as an ex- 
clusive criterion for the satisfactory functioning 
of the apparatus, but this has to be combined 
with an examination of the friction at the various 
surfaces, which may be determined from the read- 
ings of J and K. 

In the previous work the median curve through 
the hysteresis loop was obtained by plotting against 
pressure the mean of the displacements with 
increasing and decreasing pressure. Since increas- 
ing and decreasing measurements were made at 
exactly the same pressures, this sort of average 
was very easy to obtain by calculation. How- 
ever, a discussion of the way in which friction 
inside the high pressure vessel affects the mean 
compression showed that the other sort of averag- 
ing, that is, the mean of increasing and decreasing 
pressure at constant displacement, was preferable. 
Although this sort of averaging is considerably 
more inconvenient to apply, it was adopted in the 
following. The difference between the two meth- 
ods of averaging is quite appreciable for some 
substances, and the superiority of this method 
of averaging was checked by the fact that the 
agreement between repetitions with the same 
substance was improved. The new method of 
averaging was applied graphically. The observed 
points were plotted on millimeter paper to a scale 
of about 30 centimeters range in abscissae to 40 
centimeters range in ordinates, a smooth curve 
was drawn through ascending and descending 
points (60 points in all) with a “ship’s” curve, 
then the loop was bisected at some 20 uniformly 
spaced displacement points with a simply con- 
structed special drawing instrument for bisecting 
lines, and finally a smooth curve was again drawn 
through the mean points. The end of the loop 
at the maximum pressure, where the direction of 
pressure change is reversed, required special treat- 
ment. Obviously on reversal there is back lash 
in the various parts, so that the loop is closed 
with a rounded end in the familiar way. When 
pressure is reduced so far that backlash in all 
the parts has disappeared the ascending and de- 
scending branches differ by the whole frictional 
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effect, which is approximately proportional to the 
pressure. The difference between the two branches 
of the loop should therefore be proportional to 
the pressure over most of the range. This did 
indeed prove to be the case, showing incidentally 
that hysteresis in the pressure vessel makes only 
a small contribution. The constant of proportion- 
ality was determined graphically from the loop 
itself, and the descending branch was extended 
by calculation by means of this constant, as shown 
by the dotted line in Figure 2, and this dotted 


Ficure 2. The upper end of the hysteresis loop, 
and the method of extending the reverse branch to 
eliminate the effect of backlash. Ordinates are 
piston displacement and abscissas pressure. 


curve was used in getting the mean at the upper 
end of the loop. Backlash on reversal ceased to 
be perceptible when pressure had been released 
by something of the order of 20 per cent of the 
maximum. Because of friction it was necessary 
to run the maximum pressure on the piston to 
about 53,000 kg/em* in order that the mean 
maximum pressure on the inside should be 50,000. 

Considerable preliminary work was put into 
fiinding the steel most suitable for the pressure 
vessel. The steel finally chosen was the “Omega” 
steel of the Bethlehem Steel Corporation. A typi- 
eal analysis is: C, 0.55; Mn, 0.80; Si, 2.30; V, 0.25; 
Mo, 0.50; P, 0.015; S, 0.025. This is an oil hard- 
ening steel, and is somewhat less capricious in its 
behavior than “Solar,” the water hardening steel 
used previously, and which is still used in other 
parts of the apparatus. The vessels were heat 
treated by quenching into oil from 885° C. and 
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drawing back to a Rockwell C. hardness of 56-57. 
It is still possible to force a high speed steel reamer 
through the hole at this hardness if only a few 
thousandths of an inch is removed. The vessels 
were first made to 0.250 inch in diameter, and then 
subjected to a preliminary stretching to a maxi- 
mum pressure of about 56,000. During this 
stretching the ratio of the pistons of the multi- 
plier had to be changed to get the correct ex- 
ternal pressure. This preliminary stretching was 
done in two steps: the first. with the whole vessel 
filled with indium to stretch the body of the vessel, 
and the second with much of the indium replaced 
with a core of iron, to stretch the mouth of the 
hole. Under this preliminary stretching the bore 
increases to something of the order of 0.257 inches. 
It was then reamed to 0.260 inches and was ready 
for use. The first stage in use consists of a blank 
calibrating run in which approximately the same 
amount of indium is used as is to be used in the 
later measuring runs, and in which a core of iron 
of approximately the volume of the substance to 
be measured later replaces it. Unfortunately the 
different vessels, in spite of every effort, differed 
so much that such calibrating runs proved neces- 
sary for each individual vessel. The blank cali- 
brating run demands the application of the maxi- 
mum pressure four times: one seasoning and one 
regular at each temperature. The vessel is now 
ready for regular measurement with any sub- 
stance. Again four applications of the maximum 
pressure are necessary. The vessel does not begin 
to give results therefore until it has withstood 
the application of the maximum eight times, not 
counting the preliminary stretching. In the pre- 
vious work the vessel broke frequently before 
reaching eight applications, so that this was a most 
discouraging requirement, and in fact was not 
enforced. But the accuracy is much improved 
by it. After every set-up the bore of the vessel 
was freshly measured. In spite of the preliminary 
stretching it continues to slowly stretch. The 
current value of the diameter was of course used 
in the calculations. When it gets to as much as 
0.263 inches the vessel is discarded, if it has not 
already broken. As already mentioned, vessels 
have been used for 70 to 80 applications (20 fill- 
ings). It is to be anticipated that the calibration 
will slowly change as the vessel stretches. For this 
reason the routine procedure was adopted of mak- 
ing a fresh blank calibration on every fifth set-up, 
thereby further improving the accuracy. As a 
matter of fact the successive calibrations were 
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gratifyingly reproducible after due allowance was 
made for the slight stretch. As calibrations ac- 
cumulated a mean of the calibrations was used 
in the calculations. 

The experiments were usually limited by two 
sorts of rupture, rupture of the pressure vessel and 
of the carboloy piston. Other places where rup- 
ture might be expected to occur are in the tapered 
supporting collars and in the tool steel sleeves 
supporting the temperature bath. The latter 
never ruptured, but in the initial design they were 
a little too thin, so that they took a permanent 
set of a few thousandths of an inch. This might 
be serious, because it is evident that the align- 
ment of all the parts must be good if the car- 
boloy piston is to receive an entirely straight 
thrust, which is essential. The sleeves were re- 
made about 25 per cent thicker and have never 
given any further trouble except during one major 
explosion of another part. The present dimen- 
sions are a wall thickness of 0.187 inch and 6 inches 
diameter. The tapered collars have also given 
comparatively little trouble; three ruptures of 
the outer collar have occurred and three of the 
inner. The carboloy pistons, however, are an- 
other story. These are likely to break at any 
time, and a constant watch must be kept after 
every run for the appearance of fine longitudinal 
cracks, which are the prelude to complete failure, 
and the piston must be at once discarded. Final 
rupture of a piston may be a most violent affair, 
when it is often reduced to a fine powder. Such 
rupture occurs so rapidly that the multiplier has 
no time to function, with the result that the pres- 
sure vessel is exposed to the full external pressure 
with no compensating internal pressure. The 
result is that the vessel is appreciably collapsed, 
and has to be discarded. The strains set up in 
the vessel by this collapse are so severe that 
often the vessel spontaneously ruptures hours or 
perhaps days after the explosion. Loss of the 
pressure vessel means not only loss of the par- 
ticular run but also loss of all the labor of cali- 
bration. After a few unfortunate occurrences of 
this kind, subsequent occurrences have, to a large 
extent, been prevented by keeping a most careful 
watch for the first appearance of fine cracks in 
the piston. Fracture of the piston was often 
initiated in the early work by slight chipping 
around the edges. This can be largely avoided 
and the life of the piston much prolonged by fore- 
ing the thin supporting dise of hardened alloy 
steel shown in Figure 3 around the end of the 


piston. The other end of the piston which enters 
the pressure vessel is adequately supported by the 
walls of the vessel, and chipping practically never 
occurs at this end. The carboloy piston is pushed 


Ficure 3. Reinforcement of the carboloy piston 
with a thin dise of heat treated alloy steel. 


by a ecarboloy block 0.5 inch in diameter, against 
which it directly rests, both surfaces being ground 
flat. This block has ruptured oftener than would 
be anticipated because of its dimensions, and a 
eareful watch must be kept for the development 
of cracks. 

In spite of every endeavor both by myself and 
by the manufacturers, the performance of the 
pistons remains capricious, and the life may vary 
from 2 or 3 to more than 100 applications of the 
maximum. Attempts were made to correlate the 
life with the density and with Young’s modulus. 
I am much indebted to Dr. Dennison Bancroft for 
measurements by his dynamic method of Young’s 
modulus of a number of rods from which the 
pistons were cut. Probably there is some correla- 
tion with both density and modulus, long life 


Ficure 4. Two views of the pressure vessel with 
a system of three mutually perpendicular fractures. 
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having a tendency to go with high density and 
high modulus, but the correlation is not close 
enough to be a useful practical guide. One thing 
is certain, however. In cutting the pistons to 
length and in facing the ends the use of diamond 
charged wheels is necessary. The cutting must 
be free and without forcing; otherwise there is 
local heating and strains are set up which may 
initiate rupture of the whole piece. 

The method of rupture of the vessels is capri- 
cious; apparently the limit of strength in all pos- 
sible directions is reached nearly simultaneously. 
The same vessel may show radial and circumferen- 
tial rupture and also rupture perpendicular to 
the longitudinal axis, as suggested in Figure 4. The 
rupture is practically always an extension rupture; 
I do not remember ever having seen a shearing 
rupture. It is quite common for the crack to de- 
velop after the vessel has been standing for 
some time free from any external force. 


METHOD oF CALCULATION AND CORRECTIONS 


The following simplified equations were used 
in calculating the results. Imagine runs with two 
different set-ups; in each set-up the vessel 1s filled 
with two different substances, the amounts of 
which differ for the two set-ups. 


Let .Z and M’ be the masses of the first substance 
(presumably indium) for the two set-ups re- 
spectively. 

Let m and m’ be the masses of the second sub- 
stance (presumably iron) for the two set-ups 
respectively. 

Let /, and J,’ be the initial lengths of the pressure 
vessel for the two set-ups respectively. 

Let J, and J,’ be the lengths of the pressure vessel 
at pressure p for the two set-ups respectively. 

Let s, be the initial cross section of the pressure 
vessel. 

Let s,=s, (1+Z) be the cross section of the 
pressure vessel at pressure p. 

Let V, and V, be the volumes of one gram of the 
first substance initially and at pressure p respec- 
tively. 

Let v, and v, be the volumes of one gram of the 
second substance initially and at pressure p re- 
spectively. 


Then we have the equations: 


MV, + my 
MV, + mv, 


l 


Ls, (1+ A) 
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t+ m’'to = 
M'V,+ = l,’s (1) 
= I,’s, (1+ A) 


There are essentially three unknowns here, V,, | 
vp, and JZ, and two equations, the first equations 
for each set-up being merely check equations. It 
is not possible to provide a third equation from 
which these three quantities may be determined by 
making a third set-up with different relative 
quantities of the two substances, for the equations 
obtained in this way are only identities, useful 
only for check. By eliminating V, between the 
last two equations above one gets: 


v,LmM’' — m'M) 
4= (2) 
s,{M'l, — Ml,'] 


Hence if v,, the volume of the second substance, 
which in this experiment was pure iron, is known 
as a function of pressure, the distortion of the 
cross section can be obtained in terms of measur- 
able quantities. I have recently determined v, 
by direct measurement? up to 30,000 kg/cm?. 
The deviation from linearity is so slight that there 
can be no hesitation about extrapolating to 50,000. 
In fact the final value for the cross section that 
one obtains by extrapolating the new experimental 
measurements of the volume of iron from 30,000 
to 50,000 differs by less than 0.1 per cent from 
the value obtained by an extrapolation to 50,000 
of the former measurements of compressibility 
to only 12,000. 

It is also possible to calculate Z by the methods 
of conventional elasticity theory. This method 
was used in the previous paper,® to which reference 
is made for the details of the calculation. The 
value calculated in this way for JZ at 50,000, by 
assuming the conditions of an infinitely long cylin- 
der, was 0.026, whereas the experimental value 
was 0.0271. The agreement is most gratifying. 
The value 0.0271 was used in all the reductions 
of this paper for the value at 50,000. For inter- 
mediate pressures it was assumed linear with pres- 
sure; the variation with temperature was neg- 
lected. 

The quantity J,’ which enters equation (2) 
above is not given directly by the measurements, 
nor is it determinable directly from /,’ and the 
measured displacement of the piston, for the lat- 
ter involves the distortion of various parts of the 
press. These distortions were determined by vari- 
ous secondary measurements, as already indicated, 
but which need not be described in greater detail. 
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However, once the correction for distortion of 
the cross section has been determined, the correc- 
tions for the distortion of the press need no longer 
enter, but drop out by taking differences of the 
measured displacements. By thus taking differ- 
ences in pairs of the equations (1) above one has: 


M (Vo— Vp) + m (% — tp) = (la — lp) — A 
M' (Voe—Vp) +m’ (to— ep) = 80 — 1p’) — Solp’ A 


(3) 
But 


l,—l,= (Observed Displacement), 

— (Correction for press distortion) 
— l,’ = (Observed Displacement) ,’ 

— (Correction for press distortion) 


Subtracting, 


—1,+ 1,’ =(Observed Displacement), 
— (Observed Displacement) + 1,’ —l, 


Subtracting the two equations (3) above and 
substituting 


(M — M’) (V. — Vp) + (m — m’) (% — = 86 
{(1 + A)[(Obs Dis), — (Obs Dis)y'| + — 1,)} 
(4) 


This equation gives the compression of the 
first substance in terms of the assumed compression 
of the second substance, the correction for the 
cross section, the difference of observed displace- 
ments in the two runs, and other quantities obtain- 
able from measurements at atmospheric pressure. 
The compressibility of indium was determined 
in this way. 

The volume of indium having been thus deter- 
mined as a function of pressure by a number of 
preliminary measurements, the regular program 
of compressibility determinations could be begun. 
This comprised in the first place a blank run, in 
which the vessel was filled with indium and iron, 
and a second run in which the iron was replaced 
by an approximately equal amount of the ma- 
terial to be measured, and an amount of indium 
roughly equal to that of the calibrating run. The 
relations can be described in equations similar to 
those already written. If 1/, refers to the first 
run and M. to the second, and the subscripts Jn, 
Fe, and x to indium, iron, and the substance to be 
measured respectively, then one has the equation: 


Me (Voz — Upr) = + A)[(Obs Dis)o,, — (Obs 
Dis);.»| + A 02) } + (Mor, Mire) (Av) p. Fe 
+ (Morn — My1,)(Ar) p.m (5) 


The term M.,, does not vanish, as one might 
perhaps at first expect, because a certain amount 
of steel always had to be used in the various pack- 
ing rings. These rings were weighed and kept 
as constant in magnitude as feasible; no appre- 
ciable error is to be expected from their slight 
variation. The compressibility of the alloy steel of 
which the packing rings were made was assumed 
to be the same as that of pure iron; measurements 
up to 12,000 already made justify this assumption. 
It is to be noticed that the compression of the 
indium enters the final result only as a correction, 
the endeavor being to make equal to 

The equations written above have the appear- 
ance of rigor; there are, nevertheless, a number 
of tacit assumptions. The interior of the pressure 
vessel is not actually deformed into a cylinder 
with constant cross section s,(1 + 4), but it must 
be somewhat barrel shape. JZ refers to the av- 
erage cross section. If the vessel were infinitely 
long the end effects could be neglected. The value 
of Z calculated above by elasticity theory assumes 
an infinitely long cylinder. The end corrections 
vary somewhat from run to run with the different 
amount of filling and different amount of com- 
pression. The difference between such end effects 
is neglected above. The most important part 
played by the end effect is in determining the 
effective cross section on which the piston acts 
to produce pressure. As already stated in the 
previous paper, Betti’s reciprocal theorem shows 
that in an infinitely long cylinder the distortion of 
the cross section at the moving piston is only one 
half the full value reached at some distance from 
the piston. Hence in calculating the pressure 
from the total thrust on the piston, the cross 
section was corrected by only one half the amount 
given above, namely by 1.85 per cent at 50,000. 
This correction for the cross section at the piston 
obviously enters in turn into the calculations by 
which Z was found; the method was one of suc- 
cessive approximations in which the convergence 
was so rapid that only two steps were necessary. 

The relative importance of the corrections in 
the final result arising from the compression of 
the iron and the indium varies with the material 
and the particular set-up. The correction for 
iron is relatively less for the more highly com- 
pressible substances. The correction for indium 
depends on the aceidents of the filling, being 
small when the quantity of indium in the measur- 
ing run was nearly equal to that in the calibrating 


run. The most incompressible substance measured 
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in the following was ZnS; here the correction for 
iron was nearly one half the total final value 
and the correction for indium was 3 per cent of 
the final value. The most compressible substance 
was CsI; here the correction for iron was 11 per 
cent of the final value and that for indium 1.6 
per cent. The correction for indium rarely ex- 
ceeded the values just given. The error in the 
final result of course depends on the error in 
these corrections, which is thus small. 

The error in the final result is unfortunately 
not limited by all the factors just discussed, which 
would be so small that they could be regarded 
with complacency. By far the most important 
source of error is irregularity in the distortion 
of the pressure vessel, which is connected with the 
magnitude of the strains, departure from linear- 
ity, hysteresis, and friction. There seems to be 
no way of estimating this error except by the con- 
sistency of the results. Every substance was ac- 
cordingly measured twice, and some of them more 
times, with different vessels. The average of the 
two set-ups was usually taken. It is a fortunate 
feature of this situation that error from this sort 
of irregularity should be as often positive as nega- 
tive. Theoretically one could reduce indefinitely 
the error by making many set-ups. As is to be 
expected, the discrepancies between different set- 
ups are usually greater for the more incompressible 
substances. As already mentioned, the most in- 
compressible substance attempted in the following 
was ZnS (sphalerite). Its compression at 50,000 
is about 5 per cent; this is smaller than could in 
general be profitably attacked by this method. 
CsI on the other hand has a compression of about 
20 per cent. As a rough average for all sub- 
stances, the total compressions to 50,000 should be 
accurate to better than 5 per cent of themselves. 

At the low pressures the method is insensitive; 
in some cases other data have been incorporated 
into the low pressure values. All the values given 
in the following have been smoothed and have 
been tabulated at 5,000 kg intervals. In the 
smoothing process only the results for that par- 
ticular set-up and the particular temperature were 
considered. No attempt was made to adjust the 
values so as to give what might be conceived to 
be more probable variations with temperature, 
or so as to give a more regular progression of 
results from member to member of a chemical 
series of substances. The number of figures re- 
tained in the final results is governed by considera- 
tions of smoothness rather than of absolute ac- 


curacy. In the smoothing the measured value of 
the compression between zero and 5,000 was given 
little weight, and the tabulated values were al- 
most always obtained by smooth graphical extra- 
polation downward of the values at higher pres- 
sures. It may very well be that transitions of 
the second kind or even very small first order 
transitions, have been wiped out by the smoothing 
process; occasional possibilities of this sort are 
mentioned in the following. In general, such 
transitions must wait for more accurate methods, 
such as that now being developed up to 30,000. 
All measurements were made at room tempera- 
ture and carbon dioxide temperature. The in- 
consistencies of the low temperature readings were 
materially greater than of the readings at room 
temperature, so that the temperature coefficients 
of compression for any one substance cannot be 
regarded as very accurate. The general picture 
of the behavior of the temperature coefficient pre- 
sented by all the substances should be essentially 
correct, however, and I believe that the extra 
labor of making measurements at the lower tem- 
perature was probably justified. Again the prob- 
able accuracy of the temperature coefficient could 
be indefinitely increased in any crucial case by 
sufficiently multiplying measurements. 


DETAILED PRESENTATION OF DATA 


The order of presentation is: first indium, be- 
cause its compression is used as a correction in all 
the measurements; then the monovalent chlorides, 
bromides, and iodides of sodium, potassium, rubid- 
ium, caesium, ammonium, silver, and thallium; 
then the divalent sulfides, selenides, and tellurides 
of calcium, strontium, barium, lead, zinc, and 
mercury; then some of the more compressible 
elements; and finally rubber, measured only inci- 
dentally and in a single variety, to assist in the 
design of the packings. 

The measurements were always made on weighed 
quantities of the materials. In order to convert 
these into compressions or fractional changes of 
volume, it is necessary to know the density. In 
the following the compressions are given as the 
volume decrement in cm* of a number of grams 
equal to the density. The results are given in this 
way so that if at some future time better values 
are found for the density a simple multiplicative 
correction can be applied. Most of the densities 
used in the following are X-ray densities, based 
on the lattice constants given in Wyckoff’s book 
The Structure of Crystals. 


7 
L 
i 
4 
Ne 
J 
<i 
in 
> 
- 


THE COMPRESSION OF 46 SUBSTANCES TO 50,000 KG/cm? 31 


Indium. Measurements of this were made with 
five different set-ups in five different vessels; of 
these only three were at both temperatures, the 
other two being only at room temperature. The 
material was obtained from MacKay, of 99.9 per 
cent purity or better. In the table the value 7.314 
for the density was used; in computing the correc- 
tions the exact value is immaterial, since it cancels 
out. 

At room temperature the extreme values for 
the compression at 50,000 of 7.31 grams were 
0.0851 and 0.894; at CO, temperature the ex- 
treme values were 0.0870 and 0.0899. The ex- 
treme values at the two temperatures were not 
consistently given by the same vessels. Two of 
the three determinations of the temperature co- 
efficient of compression agreed in giving an ab- 
normal negative value at high pressures; the third 
was positive but smaller than the other two. In 
the calculations the resultant negative coefficient 
obtained by averaging was used. Even if one is 
not convinced that this represents the actual be- 
havior of indium, nevertheless it does represent the 
apparent behavior in the apparatus, and so should 
be used in subtracting from the results for other 
substances. The correction is in any event so 
small that it can hardly be an appreciable factor 
in the final results for the temperature coefficients 
of the other substances. 

The unweighted arithmetical average of the dif- 
ferent set-ups is given in Table I. Rough values 


TABLE I 
COMPRESSION OF INDIUM 
AV 
Pressure em$/7.31 gm 
kg/cm? 
CO, T. 
5,000 .0116 .0114 
10,000 .0224 .0222 
15,000 .0328 .0328 
20,000 
25,000 .0518 .0520 
30,000 .0600 .0607 
35,000 .0678 0686 
40,000 .0749 .0759 
45,000 .0813 .0825 
50,000 .0870 .0885 


for the compression of indium at room tempera- 
ture have already been published.56 The agree- 
ment is within 2 in the second significant figure 
up to 25,000, but beyond this the divergence in- 


creases, the former value at the former maximum 
pressure, 45,000, being 0.091 against 0.081 now 
found. That is, the decrease of compressibility 
with increasing pressure is now greater than before. 

NaCl. The material was natural clear halite 
erystal. Four different set-ups were made with 
four different vessels. Of these four gave readings 
at room temperature and two at CO, temperature. 
The extreme values of the compressions at 50,000 
were 0.1240 and 0.1346 at room temperature and 
0.1254 and 0.1321 at CO, temperature. The 
averages are given in Table II. The compressions 


TABLE II 
COMPRESSIONS OF THE SopIuM HALIDES 
NaCl NaBr Nal 

Pressure |¢m'/2.163 gm jcm*,3.205 gm 3.667 gm 
kg/cm? 

R. T. |CO2T.| R. T. |CO2T.| R. T. |CO2T. 

5,000 | .0192) .0177| .0228, .0216| .0296; .0290 

10,000 .0365| .0341) .0430; .0413) .0553; .0547 

15,000 | .0523) .0494 0610 .0594| .0778) .0772 

26,000 | .0664) .0634| .0771 .0756) .0974; .0966 

25,000 | .0798| .0763) .0916; .0904) .1145] .1139 

30,000 | .0919) .0880} .1047) .1037) .1294) .1288 

35,000 | .1029) .0987) .1166) .1157| .1424 .1421 

40,000 .1130} .1084) .1274) .1263) .1538, .1538 

45,000 | .1223) .1172) .1373) .1357) .1638) .1642 

50,000 | .1309} .1250| .1464) .1439] .1728| .1738 


at the lower temperature were adjusted to com- 
pensate for the fact that there were four runs at 
room temperature and only two at CO, tempera- 
ture. The temperature coefficient of compression 
was obtained by comparing the average of the 
same two set-ups at the two temperatures. This 
difference was then applied to the average of the 
four runs at room temperature to give the com- 
pressions at the lower temperature. 

Rough values for the compression to higher 
pressures have already been published.® At 
45,000 at room temperature, the previous maxi- 
mum, the former value was 0.118 against 0.127 
found now. The difference is in the opposite di- 
rection from that for indium. There are also un- 
published measurements of the linear compressi- 
bility up to 30,000 by the more accurate method 
to be described in another paper. These values 
are slightly lower than found here, at 30,000 being 
0.0913 against 0.0919. Earlier determinations’ of 
the compressibility to 12,000 gave for the changes 
of volume at 30° at 5,000 and 10,000 respectively 
0.0197 and 0.0368 against 0.0192 and 0.0365 above. 
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NaBr. The material was from a perfectly clear 
single crystal prepared by my method of solidifica- 
tion from the melt. Three set-ups were made at 
room temperature and two at CO, temperature. 
The extreme compressions at room temperature 
at 50,000 were 0.1417 and 0.1488 and at the lower 
temperature 0.1417 and 0.1509. Up to 30,000 
the extreme difference between different runs is 
only 1 in the third decimal place, but above 30,000 
the runs begin to diverge more. The temperature 
coefficient of compression above 30,000 is doubt- 
less less reliable than below 30,000. The averages 
are given in Table II. The compressions tabulated 
at the lower temperature were adjusted for the 
different number of set-ups at the two tempera- 
tures in the same way as already explained for 
NaCl. 

The compressions up to 12,000 have been pre- 
viously determined by Slater. At 30° at 5,000 
and 10,000 they were respectively 0.0234 and 
0.0436 against 0.0228 and 0.0430 above. 

Nal. The material again was clear single crys- 
tals solidified from the melt. Four set-ups were 
made at room temperature and two at CO. tem- 
perature. The extreme compressions at 50,000 
at room temperature were 0.1661 and 0.1801, and 
at the lower temperature 0.1714 and 0.1756. The 
compressions at the lower temperature in the 
final results were adjusted as before for the dif- 
ferent number of runs at the two temperatures. 
The averages are given in Table II. 

The compressions up to 12,000 have been pre- 
viously determined.? At 30° at 5,000 and 10,000 
they were respectively 0.0301 and 0.0546 against 
0.0296 and 0.0553 above. 

KCl. The three potassium halides have a transi- 
tion with large change of volume from the NaCl 
structure to presumably the CsCl structure in the 
neighborhood of 20,000, the parameters for which 
have been studied before.1° The transition pres- 
sures and the changes of volume were now meas- 
ured again in the natural course of the work. The 
pressure steps of this work were larger than would 
have been chosen if the transition were being 
studied for itself alone, so that for this reason the 
parameters would not be expected to be as ac- 
curate as before, but on the other hand, the ef- 
fective region of indifference now appeared nar- 
rower than before, so that for this reason the 
results should now be more accurate. In any 
event this is the first time that transition measure- 
ments have been made at CO, temperature. 

The KCl was clear single crystal material, erys- 
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tallized from the melt. Three set-ups were made 
at room temperature and two at CO, temperature. 
The extreme compressions at room temperature 
at 50,000 were 0.2565 and 0.2603, and at COs 
temperature 0.2466 and 0.2537. At room tem- 
perature the transition pressures varied from 
19,840 to 20,290, and the fractional change of 
volume (em*/1.988 gm) from 0.1122 to 0.1143. 
At CO. temperature the corresponding figures 
were 20,200 to 20,990, and 0.1095 to 0.1145. The 
compressions tabulated at CO. temperature are 
adjusted in the regular way for the different 
number of runs at room temperature and CO, 
temperature. The averages are given in Table 
III. The new average transition pressure at room 


TABLE III 
COMPRESSIONS OF THE PotassiuM HALIDES 
KCl KBr KI 
Pressure |¢m*/1.988 gm | em*/2.75 gm jcm*/3.123 gm 
kg/cm? 
R. T. |CO2T.| R. T. |CO2T.| R. T. |CO2T. 
5,000 | .0257) .0241| .0295| .0272) .0351) .0335 
10,000 | .0478) .0452) .0547) .0511| .0648} .0623 
15,000 | .0667| .0645) .0758) .0720| .0905| .0868 
20,000 | .0841/ .0807| .1989| .1933] .1970] .1932 
25,000 .2111| .2055) .2138| .2078) .2149) .2105 
30,000 .2225| .2158) .2267) .2202) .2296) .2244 
35,000 | .23824) .2255| .2379| .2308| .2421| .2363 
40,000 .2340) .2479) .2399) .2532) .2466 
45,000 | .2501} .2418) .2569) .2481) .2629) .2554 
50,000 | .2579) .2497| .2650) .2552| .2715) .2630 
Transitions 
Press. | | 20,060} 20,590] 18,430) 19,400} 18,200] 19,010 
Av ||0.1133/0.1120/0. 1052/0. 1044/0.0850/0.0872 


temperature is higher than found before, 20,060 
against 19,900. If the transition line is linear, 
the slope now found has the opposite sign from 
that found earlier, but there is no assurance that 
the line is straight, and the whole question would 
have to be examined again with greater care over 
the entire temperature range to be sure of this 
point. The new change of volume at the transi- 
tion is 0.1133 against 0.1094 formerly. The new 
value should be at least as good as the old. 

The compression to 12,000 has been measured 
by Slater.11_ His values at 30° were 0.0258 and 
0.0479 at 5,000 and 10,000 respectively against 
0.0257 and 0.0478 above. 

KBr. The material was clear single crystals, 
crystallized from the melt. Three set-ups were 
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made at room temperature and two at COs, tem- 
perature. At room temperature the extreme com- 
pressions at 50,000 were 0.2618 and 0.2697, and 
at CO. temperature 0.2567 and 0.2570. At the 
latter temperature the agreement of the two runs 
was practically perfect over the entire pressure 
range. The averages are given in Table III. Ad- 
justment is made at CO, temperature for the 
ditterent number of runs at the two temperatures 
in the regular way. 

At room temperature the range of transition 
pressures was from 18,400 to 18,470; the agree- 
ment is doubtless partly accidental. The range 
of the change of volume was from 0.1025 to 0.1079. 
At COs, temperature the transition pressure ranged 
from 19,380 to 19,420, and the change of volume 
from 0.1026 to 0.1060. At room temperature the 
transition pressure is now 18,430 against 19,300 
found formerly, and the fractional change of 
volume is now 0.1052 against 0.102. I believe that 
the new values are better; the effective band of 
indifference is here only 7,800 kg/cm? wide against 
13,600 before. 

The compression up to 12,000 has been pre- 
viously measured by Slater.12 His values at 30° 
at 5,000 and 10,000 were 0.0302 and 0.0556 re- 
spectively against 0.0295 and 0.0547 above. 

KI. The material was clear single crystals, pre- 
pared from the melt. Four set-ups were made 
at room temperature, and three at CO. tempera- 
ture, since the variations were somewhat greater 
than usual. At room temperature the extreme 
compressions at 50,000 were 0.2620 and 0.2843; 
at CO, temperature the corresponding figures 
were 0.2576 and 0.2701. The transition pressures 
at room temperature ranged from 17,530 to 18,550, 
and the fractional changes of volume from 0.0825 
to 0.0892. At CO. temperature the corresponding 
figures were 18,520 to 19,370 and 0.0847 to 0.0903. 

The averages are given in Table III. Adjust- 
ment was made for the different number of runs 
at the two temperatures as usual. The average 
transition pressure at room temperature is now 
18,200 against 17,850 formerly, and the fractional 
change of volume 0.0850 against 0.083 previously. 
The new figures are probably better; the new 
region of indifference is 8,900 kg/cm? wide against 
13,400 previous. 

The compression has been measured up to 12,000 
previously by Slater.13% His values at 30° at 5,000 
and 10,000 were 0.0379 and 0.0678 respectively 
against 0.0351 and 0.0648 here. The agreement 
is not as good as for the other sodium and potas- 
sium salts. 
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If it is assumed that the transition lines for all 
three halides are straight over the entire tempera- 
ture range, the new results agree in giving a nega- 
tive value of dr/dp to all three potassium halides, 
whereas formerly the signs for KCl and KI were 
positive and for KBr negative. The fractional 
changes of volume at the transition increase from 
iodide to bromide to chloride; this agrees with what 
was found before. 

One of the interesting questions connected with 
the transition is whether there is any important 
difference of compressibility between the two 
forms. One might perhaps anticipate that the 
compressibility of the high pressure form would 
be markediy less than that of the low pressure 
form because there is such a large contraction of 
volume. The question may be answered by plot- 
ting first differences for 5,000 intervals as given 
in Table III against the mean pressure of the 
interval. It will be found, surprisingly, that the 
first difference curve for all three salts passes 
smoothly over the transition point; that is, there 
is no discontinuity large enough to be certainly 
established by these measurements in either 
(ov/dp), or (07v/dp*), on passing through the 
transition. Approximate calculations have been 
made by Jacobs!* on the transitions of these salts; 
his calculations indicated no important change in 
(dv/dp), at the transition. 

RbCl. The rubidium halides all have transi- 
tions from the NaCl structure to presumably the 
CsCl structure!5 at pressures near 5,000. This is 
so low that no value can be attached to any con- 
firmation by this work of the previous value!® 
for the transition pressure, so no attempt was 
made to get it accurately. The changes of volume 
of the transition at room temperature found in 
this work should, however, be good. But at CO, 
temperature the transition for all three halides ran 
so sluggishly that the measured volume changes 
were almost certainly too small. Presumptive con- 
firmation of this is the fact that improbably large 
reductions of thermal expansion with pressure are 
demanded by these values. It was therefore as- 
sumed for all three halides that the change of 
volume at the transition is the same at CO. 
temperature as at room temperature, and the 
compressions at the lower temperature above the 
transition pressure were accordingly corrected 
by the proper additive constant. This assump- 
tion checks with the approximate independence of 
temperature of the volume changes of the potas- 
sium halides; these latter transitions occur at 
20,000, which permits pressure to be reduced far 
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enough below the transition pressure to avoid 
error. The new value of the thermal expansion of 
the rubidium halides given by this assumption 
varies in an entirely reasonable way with pressure, 
again lending plausibility to the assumption. 
The RbCl was old stock, used in previous 
measurements. Two set-ups were made at both 
room temperature and CQO, temperature. At 
room temperature the extreme compressions at 
50,000 were 0.2762 and 0.2775; at CO, tempera- 
ture the corresponding figures were 0.2685 and 
0.2744. The arithmetic average is given in Table 
1V. The compressions at 5,000 in this Table of 


TABLE IV 
COMPRESSIONS OF THE RusipIUM HALIDES 
RbCl RbBr RbI 
Pressure |cm*/2.849 gm jcm*/3.391 gm |em*/3.591 gm 
kg/cm? 
R. T. |CO2T.| R. T. |CO2T.| R. T. |CO2T. 
5,000 .1701; .1678) .1673) .1667| .1641 
10,000 . 1882) .1861) .1879) .1864; .1918) .1879 
15,000 . 2043) .2022) .2056;) .2032; .2133) .2082 
20,000 .2184| .2166) .2207| .2176) .2315) .2253 
25,000 .2310) .2289) .2342) .2303) .2472| .2399 
30,000 2422) .2397| .2462) .2415) .2609| .2526 
35,000 .2522| .2490) .2570) .2515|) .2726| .2637 
40,000 .2612) .2573) .2670) .2609| .2831| .2738 
45,000 .2694| .2648) .2762) .2694| .2925) .2833 
50,000 2768; .2714) .2848) .2774| .3009) .2921 
Transitions 
Press. 5,000} 5,000} 4,600} 4,600) 4,050) 4,050 
Com- | 
pressions | .0295| .0272| .0330) .0324) .0349] .0328 
at Tran- |} .1701| .1678) .1655) .1649) .1614| .1593 
sition 


the low pressure phase were set equal to that 
given by my former work;!* the value at CO, 
temperature was obtained by linear extrapolation 
of the former values at 30° and 75°. The changes 
of volume at the transition at room temperature 
given in the Table above were, however, those 
given by the present work, used without adjust- 
ment. The transition pressure is given roughly 
in the table as 5,000; my previous value for it 
was 5,500. The present value for the fractional 
change of volume during the transition is 0.1406 
against 0.144 previously. At CO, temperature 


the directly measured change of volume was 0.126, 
which was adjusted to 0.1406 as explained above. 
Readings at pressures below the transition were 


not accurate enough to permit an answer to the 
question as to whether there is a change of com- 
pressibility at the transition. 

RbBr. The RbBr was most kindly prepared 
by Prof. G. P. Baxter by reduction of RbBrO, 
originally supplied by MacKay. Prof. Baxter 
characterized the purity as “good.” Two set-ups 
were made at both temperatures. At room tem- 
perature the compressions at 50,000 were 0.2846 
and 0.2851, and at the lower temperature 0.2746 
and 0.2801. At room temperature the extreme 
discrepancy was at 30,000, where the compressions 
were (0.2438 and 0.2481. The averaged values are 
given in Table IV. Each run gave the same 
transition pressure at both temperatures; for one 
run it was 4,200 and for the other 5,000. The 
average, 4,600, is taken in the table; the former 
value was 4,920. The compression of the low 
pressure phase just below the transition was ad- 
justed to agree with the determination of Slater ;18 
the value at CO, temperature was obtained by 
linear extrapolation downward of his temperature 
coefficient of compressibility above 30°. At room 
temperature the fractional volume change at the 
transition on the two set-ups was 0.1323 and 
0.1327. At CO, temperature the directly ob- 
served value, given by one run only, the other run 
not giving a good value, was 0.1214. This was 
adjusted to 0.1325 as explained above. The value 
formerly obtained for the change of volume at the 
transition at room temperature was much smaller 
than this, only 0.110. The new value is doubtless 
better. 

RbI. The material I again owe to Prof. Baxter, 
who prepared it from RbIO, from MacKay. He 
estimated the impurity spectroscopically as 5 per 
cent, mostly K and Cs. Two set-ups were made 
at each temperature. At room temperature the 
extreme compressions at 50,000 were 0.2996 and 
0.3036, and at CO. temperature 0.2892 and 0.2950. 
The averaged values are given in Table IV. The 
compressions of the low pressure phase immedi- 
ately below the transition point are taken from the 
work of Slater,!9 the value at CO. temperature 
by linear extrapolation from his work. The transi- 
tion pressure at room temperature given above, 
4,050, is the average of the two values 4,000 and 
4,100, and agrees exactly with that found in my 
previous work. At CO. temperature the transi- 
tion pressure was assumed to be the same, the 
accuracy of these measurements not justifying 
the inference that it is either higher or lower. The 
two values for the fractional change of volume 
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of the transition at room temperature were 0.1263 
and 0.1268. The previous value was 0.104, again 
much lower, as was the case with RbBr. The 
new value is doubtless better. At CO, tempera- 
ture the directly measured value, 0.1183, was ad- 
justed to 0.1265 as explained. 

CsCl. The material was obtained from the De- 
partment of Chemistry of Cornell University a 
number of years ago. Two set-ups were made at 
each temperature. At room temperature the two 
compressions at 50,000 were 0.1561 and 0.1646, 
and at CO. temperature 0.1472 and 0.1571. The 
averaged values are given in Table V. 


TABLE V 
COMPRESSION OF THE CAESIUM HALIDES 


CsCl CsBr CsI 
Pressure |cm'/4.031 gm |cm?/4.478 gm |em’/4.547 gm 


kg/cm? 


R. T. |CO2T.| R. T. |CO2T.} R. T. |CO2T. 


5,000 | .0255| .0245| .0287| .0279| .0351] .0330 
10,000 | .0479| .0457| .0537| .0519| .0647| .0608 
15,000 | .0676| .0644| .0756| .0730| .0902| .0851 
20,000 | .0850| .0809| .0949| .0912) .1120] . 1064 
25,000 | .1006| .0957, .1120| .1075| .1313| .1254 
30,000 | .1146| 1092} .1274) .1220] .1485| .1422 
35,000 | .1272| .1212| .1408| .1351| .1640| .1570 
40,000 | .1387) .1321| .1532| .1473| .1781| 1704 
45,000 | .1496| .1423] .1645| .1585| .1909| .1822 
50,000 | .1596| .1514| .1748| .1689| .2025| . 1928 


The compressions have been previously meas- 
ured to 12,000.29 At 30° the former values at 
5,000 and 10,000 were 0.0266 and 0.0481 respec- 
tively against 0.0255 and 0.0479 now. 

CsBr. For the material I am much indebted 
to Professor G. P. Baxter, who worked it up from 
his stock of pure material specially for these 
measurements. Two set-ups were made at each 
temperature. At room temperature the two runs 
gave for the compressions at 50,000, 0.1700 and 
0.1797, and at CO. temperature 0.1626 and 0.1752. 
The averaged values are given in Table V. 

Previous values?! for the compressions at 30° 
at 5,000 and 10,000 were 0.310 and 0.0547 respee- 
tively against 0.0287 and 0.0537 now. 

CsI. The material was obtained from Professor 
G. P. Baxter a number of years ago; part of it 
had already been used in measurements of the 
linear compressibility.22. Two set-ups were made 
at each temperature. At room temperature the 
two runs gave for the compressions at 50,000 


0.2012 and 0.2038, and at CO. temperature 0.1897 


and 0.1950. The averaged values are given in 
Table V. 

Previous values*? for the compressions at 30° 
at 5,000 and 10,000 were 0.0370 and 0.0638 against 
0.0351 and 0.0647 now. 

NH,Cl. The material was from the regular 
stock of the Harvard Chemical Laboratory, high- 
est commercial purity. Two set-ups were made 
at each temperature. At room temperature the 
two compressions at 50,000 were 0.1439 and 0.1472, 
and at CO, temperature 0.1289 and 0.1300. The 
averages are given in Table VI. The density used 


TABLE VI 


COMPRESSION OF THE AMMONIUM HALIDES 


NH,Cl NH,Br NHgI 
Pressure |cm*/1.536 gm |em?/2.548 gm |cm?/2.887 gm 


kg/cm? 


R. T. |CO2T.| R. T. |}CO2T.| R. T. |CO2T. 


5,000 | .0269| .0257| .0244} .0316) .0321 
10,000 | .0489) .0395} .0487| .0462) .0590! .0582 
15,000 | .0668| .0545| .0694| .0656! .0822! .0804 
20,000 | .0818/ .0675| .0880} .0829) .1019| .0989 
25,000 | .0949] .0794| .1049) .0984) .1188] .1144 
30,000 | .1070| .0906| .1203! .1124| .1332) .1279 
35,000 | .1176| .1010) .1340) .1250| .1456| .1397 
40,000 .1278| .1111) .1465) .1364) .1570) .1504 
45,000 | .1372) .1207| .1576} .1466| .1676| .1608 
50,000 | .1462) .1301| .1676| .1557| .1775| .1702 


in the table is the 1.C.T. value; Wyckoff’s value 
would be 1.539. 

Previous values** for the compression at 30° 
at 5,000 and 10,000 respectively were 0.0262 and 
0.0490 against 0.0269 and 0.0489 above. 

NH,Br. The material was also the best from 
the regular stock of the Harvard Chemical Labora- 
tory. Three set-ups were made at each tempera- 
ture; the third set-up was made by inadvertence 
due to an error in a recording, but there is no reason 
why the results should not be as good as for the 
other two. At room temperature the range of 
compressions at 50,000 was 0.1614 to 0.1742, and 
at CO. temperature 0.1479 to 0.1602. The aver- 
aged values are given in Table VI. The density 
of the table, 2.548 is the I.C.T. value; Wyckoff’s 
value would be 2.455. 

Previous values** for. the compression at 25° 
at 5,000 and 10,000 were 0.0289 and 0.0517 respee- 
tively against 0.0257 and 0.0487 now. 

NH,I. The material was the best from the 
regular stock from commercial sources of the 
Harvard Chemical Laboratory. Two set-ups 
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were made at each temperature. It is known from 
previous work?° that there is a transition at room 
temperature at very low pressure, about 500 
kg/em*, with a volume change of 14 per cent, 
from the NaCl to the CsCl structure. Even if 
it had been part of the program of this work, satis- 
factory values of the change of volume at the 
transition could not have been obtained, since 
the friction was so great that it was doubtful 
whether the reaction from the high to the low 
pressure form ran to completion on release of 
pressure. The values given in the table were ob- 
tained by a smooth extrapolation of the high pres- 
sure values through the transition back to zero. 
At CO. temperature the form stable at atmos- 
pheric pressure is the CsCl form, so that there 
was no such complication as at room temperature. 
In the table therefore all figures refer to the CsCl 
modification, as do also all the figures for NH,Cl 
and NH,Br. The density used was calculated di- 
rectly from the lattice constant given in Wyckoff 
for the CsCl form at —17°, with no attempt to 
apply a temperature correction. At room tem- 
perature the two values for the compression at 
50,000 were 0.1727 and 0.1808, and at CO, tem- 
perature 0.1658 and 0.1703. The averages are 
given in Table VI. 

There seem to be no previous measurements 
for comparison at low pressures. 

AgCl. The material was Merck’s best stock, 
kept protected from the light. Two different set- 
ups were made at both temperatures. Pre- 
viously?® an obscure transition had been found 
in the region between 10,000 and 20,000 kg/cm?, 
the transition pressure being near the lower limit 
at room temperature and near the upper limit at 
150°. This transition ran more rapidly and was 
better defined at 150° than at room temperature. 
There seemed to be no appreciable difference of 
compressibility between the low and high pressure 
forms. The first set-up of the present series did 
not disclose the transition. In the previous work 
a sheath of lead had been used instead of indium. 
I thought it not impossible that the lead might 
have had some role in initiating the transition; 
accordingly in the second set-up a small quantity 
of lead was placed in contact with the AgCl. This 
was without effect, however. I do not think it is 
to be concluded that AgCl has no transition. 
The material was now different from before; it 
is quite conceivable that the transition was now 
spread out over a wider region of indifference 
because of the difference of material, and this 


would be capable of accounting for failure to find 
it at room temperature. At the lower tempera- 
ture even the previous work would suggest that 
the sluggishness would be so high that it would 
be impossible to find. 


TABLE VII 
COMPRESSION OF THE SILVER HALIDES 
AgCl AgBr Agl 
Pressure |¢m'/5.589 gm |em*/6.548 gm |jem*/5.709 gm 
kg/em? 

R. T. |}CO2T.| R. T. |CO2T.) R. T. |COeT. 

5,000 0113} .0107; .0111) .0103).1769*)|.1753* 
10,000 .0216) .0207) .0215| .0202).1896 |.1868 
15,000 .0312) .0313) .0297).2001 |.1969 
20,000 .0401; .0389) .0404) .0386).2095 |.2061 
25,000 .0484!| .0496) .0476).2180 |.2145 
30,000 .0562} .0549) .0584! .0562|.2257 |. 2222 
35,000 .0634| .0621) .0665) .0641).2326 |.2291 
40,000 .0704| .0743) .0716).2396 |.2362 
45,000 .0772) .0755) .0818| .0789).2462 |.2428 
50,000 .0838;} .0818) .0890;) .0858/}.2525 |.2490 


* Transition below this point. 


At 50,000 the values for the compression given 
by the two set-ups were 0.808 and 0.867 at room 
temperature, and 0.827 and 0.0807 at carbon di- 
oxide temperature. 

The only previous value of the compressibility 
is by Richards and Jones.2* They give 2.40 xX 
10-® at 20° for the average over the first 300 
kg/em.* Exactly the same value is given by ex- 
trapolation of the figures found here. 

AgBr. The material was “c.p.” stock from 
Eimer and Amend. Three set-ups were made and 
runs made at both temperatures. The second 
set-up had to be discarded, however, because the 
vessel ruptured almost at once after the con- 
clusion of the run, and the approach of rupture 
was evidently foreshadowed in abnormal behavior. 

Previous measurements*® had shown a_ very 
small transition in AgBr as well as in AgCl. The 
location of the transition was roughly the same, 
as was also the general behavior. In the first 
set-up of the present work irregularities were 
found at both temperatures in the expected neigh- 
borhood, but the results were not clean cut enough 
to indicate with certainty the presence of a transi- 
tion, nor, if there is a transition, to distinguish 
between a transition of the first or the second 
kind. The two other set-ups did not suggest a 
transition of any kind. The irregularity of the 
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first set-up was so small that the final values were 
smoothed right across it. 

‘At 50,000 the values for the compression given 
by the two set-ups that were retained were 0.0916 
and 0.0864 at room temperature, and 0.0863 and 
0.0853 at carbon dioxide temperature. 

The compressibility has been previously deter- 
mined only by Richards and Jones.*9 Their av- 
erage value over the first 300 kg/cm? at 20° is 
2.74 X 10-® against 2.30 by extrapolation of the 
present values. I think it very probable that the 
low pressure values of the present work are too low. 

AglI. The material was “c.p.” stock from Mal- 
linckrodt. AgI is known to have a very large 
transition in the general neighborhood of 2,000 
kg/em.* The course of the transition line and 
the parameters of the transition have been al- 
ready determined.2® The pressure of this transi- 
tion is so low that the accuracy of the present 
work did not justify the attempt for any accurate 
values in this range. The present data should 
be used only for the volume decrements at 5,000 
and above. 

Although the pressure of the transition could 
not be found with any precision, nevertheless the 
first set-up should permit a fairly good value for 
the volume change during the transition. This 
is now found to be 0.0286 cm?/gm, against the 
previous value 0.0239. The essential difference 
between this and the former work is that now the 
material had been subjected to a preliminary ap- 
plication of 50,000 before the transition was 
measured, whereas formerly pressure never ex- 
ceeded 12,000. It is not unlikely that formerly 
the transition had not run to completion because 
of sluggish resistance in the finely divided parts 
of the material, so that the present value may well 
be much closer to the correct value. This matter 
has been discussed by Jacobs,?! who finds the 
present value much closer to his result as deter- 
mined by X-ray measurements. 

Three set-ups were made at room temperature, 
and two at carbon dioxide temperature. At room 
temperature the extreme compressions at 50,000 
were 0.2503 and 0.2537; at the lower temperature 
the corresponding figures were 0.2481 and 0.2502. 
The value given in the table for the compression at 
the lower temperature is adjusted so as to use the 
temperature coefficient given by the same two 
set-ups. 

The compressibility has been previously meas- 
ured only by Richards and Jones?? who find 4.11 
x 10-6 for the average value in the first 300 


kg/em? at room temperature. The measurements 
above give for the average compressibility over 
the first 5,000 kg/em?, subtracting the volume 
change during the transition, the value 2.78 x 
10-®. Comparison between the two values is 
complicated by the fact that the figure 2.78 is av- 
eraged over two different modifications. 

TiCl. The material was from Eimer and 
Amend, “c.p.” stock. Three different set-ups were 
made at both temperatures, with three different 
vessels. At 50,000 the extreme compressions at 
room temperature were 0.1286 and 0.1329, and at 
carbon dioxide temperature 0.1191 and 0.1275. 


TABLE VIII 


COMPRESSION OF THE THALLIUM HALIDES 


TICl TIBr TI 
Pressure |¢m*/7.029 gm |em?/7 .539 gm |em/7.435 gm 


kg/cm? 


R. T. |}CO2T.| R. T. |CO2T.| R. T. |CCe2T. 


5,000 | .0202) .0198) .0226) .0217| .0273) .0272 
10,000 | .0383} .0375) .0426) .0409) .0510) .0506 
15,000 | .0544) .0533) .0606) .0582) .0714| .0707 
20,000 | .0688) .0672| .0763) .0735) .0891) .0878 
25,000 | .0818) .0797) .0903) .0872) .1041) .1027 
30,000 | .0936) .0907) .1026; .0990) .1173) .1156 
35,000 | .1042) .1005) .1131] .1092) .1286| .1268 
40,000 | .1139) .1093) .1224) .1182) .1387) .1371 
45,000 | .1230) .1170} .1306) .1260| .1475) .1468 
50,000 | .1313) .1240) .1377| .1328) .1554) .1553 


The compressibility appears to have been meas- 
ured previously only by Richards** at room tem- 
perature in the range up to 300 kg/em.2 His 
average value in this range was 49 x 10-6 
against the initial value 4.3 x 10-® extrapolated 
from the present high pressure measurements. 

TlBr. The material was obtained from MacKay, 
made especially for this work. Two set-ups were 
made at both temperatures. At room temperature 
the compressions at 50,000 were 0.1340 and 0.1399; 
the corresponding figures at carbon dioxide tem- 
perature were 0.1261 and 0.1382. The discrepancy 
at the lower temperature is greater than usual, 
which means that the temperature coefficient of 
compression has less reliability. 

The only previous value of the compressibility 
appears to be by Richards,?4 who found for the 
average compressibility up to 300 kg/em? at room 
temperature 5.3 XxX 10—®, to be compared with 
4.8 xX 10—® given by extrapolation of the values in 
the table. 
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Till. The material was from Eimer and Amend, 
“e.p.” stock. Two set-ups were made at both 
temperatures. At room temperature the two com- 
pressions at 50,000 were 0.1538 and 0.1556; at 
carbon dioxide temperature the corresponding fig- 
ures were 0.1513 and 0.1580. 

The compressibility has been previously meas- 
ured by Richards and Jones,2® who found 5.3 x 
10-® for the average value over the first 300 
kg/cm? at room temperature. It is to be noticed 
that this value is the same as for TIBr, and there- 
fore perhaps somewhat improbable. The value 
given by extrapolation of the high pressure results 
is 5.9 X 10-8. 

CaS. The material was commercial “c.p.” stock 
from Eimer and Amend. Runs were made with 
two different set-ups at both temperatures. At 
room temperature the compressions of the two 
runs at 50,000 were 0.0703 and 0.0778; at carbon 
dioxide temperature the corresponding figures were 
0.0604 and 0.0705. The temperature coefficient 
cannot be very good. 


TABLE IX 
CoMPRESSIONS OF CALCIUM SULFIDE, SELENIDE, AND 
TELLURIDE 
CaS CaSe CaTe 
Pressure |¢m*/2.617 gm |cm*/3.837 gm |cm?/4.365 gm 
kg/cm? 
R. T. |CO2T.| R. T. |}CO2T.| R. T. |COeT. 
5,000 0129) .0113; .0100; .0094) .0111) .0103 
10,000 | .0240) .0217) .0190} .0177) .0210) .0193 
15,000 .0337| .0307) .0271| .0255| .0298) .0274 
20,000 | .0421) .0385) .0345) .0324| .0377) .0349 
25,000 | .0493) .0452) .0415) .0387| .0450) .0419 
30,000 .0555; .0509 0482} .0447; .0519) .0486 
35,000 | .0610) .0559) .0545) .0504) .0586) .0549 
40,000 ; .0658) .0602) .0605) .0552) .0650) .0611 
45,000 0700, .0641| .0662) .0596) .0713) .0669 
50,000 0740} .0677| .0718) .0636) .0773| .0727 


The density used in the calculations was 2.617, 
as given by Wyckoff from X-ray measurements. 
It is to be noticed that there is a rather wide di- 
vergence in an unusual direction between this 
figure and that given by Mellor from chemical 
data, namely 2.80. I have previously made meas- 
urements on the compressibility of the compressed 
powder®® to 12,000 kg/cm*. The compressions 
formerly found at 5,000 and 10,000, were 0.105, 
0.190, against 0.0118 and 0.0220 above. It is to be 
remarked that the second degree term in the 
previous expression gives impossible values above 
30,000. 


CaSe. The material was synthesized from the 
elements in a welded iron tube at 950° C. An at- 
tempt to have this material specially prepared by 
a well known chemical supply house was a failure, 
the material supplied by them being highly impure. 
The same remark applies to calcium telluride, and 
to the selenides and tellurides of strontium and 
barium. Runs were made with two set-ups at 
both temperatures. At room temperature the 
compressions at 50,000 were 0.0753 and 0.0683; 
at carbon dioxide temperature they were 0.0600 
and 0.0672. 

There are no previous values of compressibility 
for comparison. 

CaTe. The material was synthesized from the 
elements in iron at 950°. Runs were made with 
two set-ups at both temperatures. At room 
temperature at 50,000 the compressions were 
0.0683 and 0.0753; at carbon dioxide temperature 
the compressions were 0.0600 and 0.0672. 

There are no previous measurements of com- 
pressibility. It is to be remarked that Mellor gives 
a figure for the density 4.87, by Haase, much 
higher than the X-ray value 4.365 given by Wyck- 
off, which was used in the calculations. 

SrS. The material was “e.p.” stock from Eimer 
and Amend. Runs were made with two set-ups 
at both temperatures. At room temperature the 
compressions at 50,000 were 0.0802 and 0.0845, 
and at carbon dioxide temperature 0.0624 and 
0.0717. 


TABLE X 
CoMPRESSIONS OF STRONTIUM SULFIDE, SELENIDE, AND 
TELLURIDE 
SrS SrSe SrTe 
Pressure |¢m*/3.935 gm | cem*/4.58 gm |em*/5.256 gm 
kg/cm? 
R. T. |CO2T.| R. T. |CO2T.| R. T. |COeT. 
5,000 .0170; .0139;) .0114) .0109) .0143) .0121 
10.000 | .0309) .0251)} .0213) .0205) .0269) .0234 
15,000 .0424| .0356) .0301) .0291| .0386) .0340 
20,000 | .0516) .0438|) .0380) .0369) .0490) .0439 
25,000 | .0593) .0505) .0454| .0442) .0586) .0533 
30,000 .0658;) .0558) .0525) .0511) .0675| .0618 
35,000 | .0705) .0597| .0589) .0574| .0755| .0697 
40,000 | .0754| .0629) .0653) .0639) .0833) .0768 
45,000 .0793;) .0655| .0714| .0701| .0904|) .0832 
50,000 | .0830} .0677| .0775| .0764| .0971) .0888 


The compressibility has been previously meas- 
ured3? on the compressed powder up to 12,000 
kg/em?. The compressions found at 5,000 and 
10,000 were 0.0109 and 0.0200. These are so much 
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lower than the values found in the present work 
that some difference in the material is indicated. 

SrSe. Two different batches of material were 
used. The first was made specially to order by 
a chemical supply house. With this two set-ups 
were made, separated by an interval of about a 
month. The first set-up gave the abnormally 
high compression of 0.33 at 50,000 kg/cm? with a 
well marked polymorphic transition near 30,000 
with a volume change of 1.2 per cent. The second 
set-up, a month later, gave a compression at 50,000 
of only 0.24, and the transition at 30,000 now gave 
only an 0.6 per cent change of volume. The 
explanation obviously was chemical instability in 
the original material. It would be interesting to 
identify the compound that has the transition. 
Metallic strontium has a transition at a pressure 
which would permit, by some stretch of the 
imagination, identification of it as the material, 
but its volume change, which is only 0.9 per cent, 
is so small as apparently to rule this out. 

A second batch of material was now synthesized 
by me from the elements in a welded iron tube 
at 950° C. Two set-ups were made with this at 
both temperatures. The compressions were now 
very much less and the transition had disappeared, 
so that the probability is that SrSe was at least 
more nearly approximated. At room tempera- 
ture the two compressions at 50,000 were 0.0687 
and 0.0849; at carbon dioxide temperature they 
were 0.0690 and 0.0825. The discrepancy between 
the runs is unusually large, and probably indi- 
cates chemical instability. The smaller compres- 
sions were obtained with the second set-up, made 
some two weeks after the first. It is probable, 
therefore, that the true compressions of the com- 
pound are on the high side of the average as given 
in the table. Decomposition of the selenide with 
formation of strontium oxide would appear to be a 
plausible explanation. 

There are no previous compressibilities for com- 
parison. 

SrTe. The material was synthesized from the 
elements in the same way as the selenide. Two 
set-ups were made at both temperatures. The 
compressions at room temperature at 50,000 were 
0.0837 and 0.1091; at carbon dioxide temperature 
they were 0.0776 and 0.0985. Again the differences 
are so large as to point to some change in the 
material. Here the larger compressions were ob- 
tained with the second set-up, but the situation 
here differs from that with SrSe in that now the 
two runs were separated only by one day whereas 


formerly the interval had been two weeks. De- 
composition to metallic strontium, the oxide now 
not having time to form in appreciable quantities, 
would explain the variation in compression. 

Before the two runs with the synthesized ma- 
terial, one set-up was made with material furnished 
by the chemical supply house. The compression 
given by this at room temperature at 50,000 was 
0.1159. This is higher than the value for the 
synthesized material, and thus differs in the same 
direction as was previously found for the selenide, 
but by a very much smaller amount. The results 
obtained with this set-up were not used in taking 
the average. 

BaS. The material was “c.p.” stock from Eimer 
and Amend. Two set-ups were made at each 
temperature. At room temperature the two com- 
pressions at 50,000 were 0.0861 and 0.0848; the 
corresponding figures at carbon dioxide tempera- 
ture were 0.0776 and 0.0903. It is evident that 
not much weight can be attached to the tempera- 
ture coefficient. 


TABLE XI 
COMPRESSIONS OF BARIUM SULFIDE, SELENIDE, AND 
TELLURIDE 
BaS BaSe BaTe 
Pressure | ©m'’/4.25 gm jem*/4.956 gm | cm*/5. 168 gm 
kg/cm? 
R. T. |}CO2T.} R. T. |CQ2T.| R. T. |CO2T. 
5,000 .0133} .0129} .0133).0118 |.0154 |.0137 
10,000 | .0251) .0244) .0251!.0225 |.0293 |.0262 
15,000 | .0357| .0347| .0357|.0322 |.0418 |.0378 
20,000 .0450)} .0441) .0449).0408 |.0531 |.0484 
25,000 | .0535) .0527| .0533).0487 |.0635 |.0581 
30,000 | .0612) .0610).0558 |.0730 |.0670 
35,000 | .0682} .0673} .0681).0623 |.0818 |.0751 
40,000 | .0747| .0737) .0745).0683 |.0898 | .0826 
45,000 | .0806) .0793| .0816).0739 |.0976 |.0895 
‘|. 1049*! .0957* 
.0846] .0882) .0793< 
50,000 0861; .08 0882) .07 1128 | 1057 


* Transition. 


I have previously?5 measured the compressibility 


of similar material up to 12,000. For the com- 
pressions at 30° this previous work gives 0.0132 
and 0.0237 at 5,000 and 10,000 respectively, against 
.0133 and .0251 now. 

BaSe. At first I attempted to use material 
which had been specially. prepared by a chemical 
supply house. This, however, was so unstable 
that it exploded on being rammed into the pres- 
sure vessel preparatory to a run. Material was 
accordingly synthesized from the elements in a 
sealed iron tube at 950°, in exactly the same way 
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as for the other compounds of this class. This 
material appeared homogeneous and satisfactory 
enough, but it also has an unusual degree of 
chemical instability, as shown by its liability to 
spontaneously catch fire in the air from the heat 
of the lathe tool with which the iron envelope is 
turned off. However, by operating slowly and 
with a sharp tool this difficulty can be avoided. 

Two set-ups at both temperatures were made 
with the synthesized material. At room tempera- 
ture the compressions at 50,000 were 0.0798 and 
0.0951; the corresponding figures at carbon di- 
oxide temperature were 0.0701 and 0.0872. 

There are no previous measurements of com- 
pressibility. 

BaTe. The first set-up was made with specially 
prepared material from the chemical supply house. 
This gave a polymorphic transition between 40,000 
and 45,000 with volume change beetween 2 and 
3 per cent. Tellurium is known to have a transi- 
tion in this pressure range.2® Since the volume 
change of this transition is “large” it is not im- 
probable that the effect observed is to be explained 
by a partial decomposition into the elements. 

After this unsuccessful attempt, the compound 
was synthesized in the regular way from the ele- 
ments, and two set-ups made at both tempera- 
tures. Both set-ups gave a polymorphic transi- 
tion at both temperatures at a pressure so near 
the end of the range that there could be no as- 
surance that the transition had run to completion. 
The volume change given by the readings is there- 
fore almost certainly too low. In the table the 


two 


larger of the volume changes given by the 
set-ups is retained. There is no reason to think 
that there is any connection between this transi- 
tion and that observed with the other material. 
The fact that the synthesized material gave no 
indication of a transition in the neighborhood 
of that of tellurium shows that any decomposi- 
tion must have been unimportant. 

The compressions (of the low pressure phase) 
at 50,000 at room temperature were 0.0986 and 
0.1098; at carbon dioxide temperature they were 
0.0892 and 0.1009. 

There seem to be no previous measurements 
of compression for comparison. 

PbS. The material was powder from Kahl- 
baum. Three set-ups were made at both tempera- 
tures. At room temperature the compressions at 
50,000 were 0.1048, 0.0895, and 0.1018; at carbon 
dioxide temperature they were 0.1055, 0.0814, and 
0.0928. It is to be noticed that at room tempera- 
ture two of the determinations agree very well, 
with the third markedly divergent. One would 
perhaps be tempted to discard the divergent run 
altogether. But the difference, although large, 
is occasionally equaled by other substances, and 
furthermore at the. lower temperature the three 
set-ups gave uniformly scattering results. The 
results of all three runs were accordingly averaged 
on an equal footing. 

PbS has a well marked transition not known 
before at both temperatures at about the middle 
of the pressure range. This is shown in Table 
XII by the figures in brackets. The bracketed 


TABLE XII 
CoMPRESSIONS OF LEAD SULFIDE, SELENIDE, AND TELLURIDE 
PbS PbSe PbTe 
Pressure cm?*/7 472 gm Pressure cm?/8 gm Pressure cm?/8 . 732 gm 
kg/cm? kg/cm? kg/cm? 
R. T. CO, T. R. T. T. CO, T. 
5,000 .0101 .0101 5,000 .0153 .0136 5,000 .0134 .0131 
10,000 .0200 .0197 10,000 .0289 .0262 10,000 .0255 .0251 
15,000 .0294 .0287 15,000 .0413 .0379 15,000 .0366 .0361 
20,000 0383 .0372 20,000 .0523 .0487 20,000 .0469 .0464 
24,680. {0464 0419 
22,770} 0663 | 0634 25,000 .0621 .0585 25,000 .0564 .0558 
25,000 .0671 .0668 30,000 .0711 .0674 30,000 .0650 .0642 
30,000 .0752 .0739 35,000 .0789 .0754 35,000 .0731 .0716 
35,000 .0822 .0799 40,000 .0855 .0826 40.000 .0802 .0783 
43,320) {0903 {0838 {.0818 
40,000 | -0885 0851 | \.1067 | (.0938 || | 
45,000 | .0939 .O895 45,000 . 1099 .0976 45,000 .0952 .0842 
50,000 .0988 | .0934 | 50,000 1183 . 1060 50,000 .0998 .0896 
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pressures are the transition pressures, the upper 
of the two figures being for room temperature. 

The compression has been previously measured? 
up to 12,000. The previous compressions at 30° 
at 5,000 and 10,000 were 0.00902 and 0.01774, 
against 0.0101 and 0.0200 now. These values are 
distinctly lower than found now. The former 
material was a single flawless natural crystal of 
galena; the difference may well be due to the 
difference of material. 

PbSe. The material was especially made by 
MacKay. Two set-ups were made at both tem- 
peratures. There is a transition at both tempera- 
tures between 40,000 and 45,000 with a volume 
change between one and two per cent. This 
transition is sluggish, and there could be no as- 
surance that it ran to completion. One of the 
set-ups gave a considerably larger volume change 
than the other. The larger value was used for 
the final results. The “average” volume changes 
at 45,000 and 50,000 listed in Table XII were 
obtained by correcting the result given by the 
set-up which showed the larger change at the 
transition by one half the difference between the 
two set-ups at 40,000. At room temperature 
the compressions of the two set-ups at 45,000 
differed by 0.0057, and at carbon dioxide tem- 
perature by 0.0023. 

Previous measurements*! have been made up 
to 12,000 on material synthesized by heating the 
elements together in quartz and slowly cooling 
to avoid blow holes. The compressions at 30° 
at 5,000 and 10,000 were 0.0100 and 0.0194, 33 
per cent lower than the values found above. 
There is no reason to suspect important chemical 
impurities in either material, but the earlier sample 
may well have been nearly all crystalline, while 
the material of the high pressure measurements 
may have had a considerable fraction of amor- 
phous material. It could not have been all amor- 
phous, however, or it would have had no transi- 
tion. 


PbTe. This material was also specially made 
by MacKay. Two set-ups were made at both 
temperatures. Both set-ups showed a sluggish 


transition beetween 40,000 and 45,000. The same 
remarks apply to this transition as to that of 
PbSe: the one set-up gave a larger volume change 
than the other. This was 0.8 per cent, and this 
value was used in the final average. Neither 
set-up showed any transition at earbon dioxide 
temperature, probably because of too great slug- 
gishness. The two set-ups differed by more than 


the usual amount, the difference at 50,000 of the 
compressions being 0.015 at both temperatures. 

The compression of PbTe has been previously 
measured?” to 12,000. The former values for the 
compression at 30° at 5,000 and 10,000 were 0.0120 
and 0.0230 respectively, smaller than the values 
found now. The difference is probably to be 
attributed in large part to a larger fraction of 
amorphous material in the present measurements. 
The fraction of amorphous material is probably, 
however, not nearly as large as it was for PbSe. 

ZnS. Five set-ups in all were made with this 
material. The first three were made with com- 
mercial “c.p.” material, finely divided precipitated 
powder. These three set-ups gave unusually con- 
cordant results, considering the smallness of the 
absolute compression; the compression at 50,000 
varied from 0.0643 to 0.0685. In spite of the con- 
sistency of the results the compressions at 5,000 
and 10,000 were almost twice as large as had been 
found previously?* in measurements on a natural 
erystal of sphalerite (ZnS) up to 12,000. An 
X-ray analysis of the material was accordingly 
made by Dr. Greninger, who found that a large 
fraction of it was the hexagonal modification, 
wurtzite, instead of the cubic sphalerite. The 
density of wurtzite is only 0.37 per cent less than 
that of sphalerite, so that so large a difference 
of compressibility is hardly to be anticipated. I 
had previously found that wurtzite is completely 
converted into sphalerite by a combination of 
shearing stress and hydrostatic pressure. Ap- 
parently no such conversion took place under the 
more nearly hydrostatic conditions of these meas- 
urements. It is to be remarked that in virtue 
of the greater compressibility of wurtzite the 
density of wurtzite becomes greater than that of 
sphalerite above a few thousand kilograms, so that 
the conversion is inhibited instead of assisted by 
pressures above this magnitude. 

Two set-ups were now made with a clear natural 
erystal of sphalerite, and at once the smaller 
values previously found were obtained. This sub- 
stance has the smallest compressibility of any 
measured in this paper, so that a smaller relative 
accuracy is to be anticipated. The agreement was, 
however, better than for many other substances. 
At room temperature the two compressions at 
50,000 were 0.0463 and 0.0514; at carbon dioxide 
temperature the figures were 0.0520 and 0.0545. 
The set-up which gave the figure 0.0520 did not 
give good values beyond 35,000 at carbon dioxide 
temperature, there evidently being excessive in- 
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TABLE XIII 
CoMPRESSIONS OF Zinc SULFIDE, SELENIDE, AND TELLURIDE 
ZnS ZnSe ZnTe 
Pressure em*/4.10 gm Pressure em?/5.322 gm Pressure em*/5.736 gm 
kg /em? kg/cm? kg/em? 
CO, T. R. T. CO, T. CO, T. 
5,000 .0063 .0067 5,000 .0121 .0106 5,000 .0119 .0121 
10,000 0123 | .0129 | 10,000 0224 | .0203 || 10,000 0226 0228 
15,000 .0179 .0189 15,000 .0316 .0287 15,000 .  .0323 .0325 
20,000 .0231 .0247 20,000 .0392 .0360 20,000 .0413 .0413 
25,000 .0281 .0303 25,000 .0454 .0426 25,000 .0499 .0499 
30,000 .0328 .0355 30,000 .0506 .0483 30,000 .0581 .0578 
35,000 .0372 .0404 35,000 .0549 .0530 35,000 .0661 .0655 
40,000 0414 0453 {.0568 po 
45,000 .0500 36,360 .0607 at 40,000 .0718 
Transition 
.0812 at 36,660 
50,000 .0495 .0545 40,000 .0617 .0581 Transition .0768 
at 41,270 at 40,000 
45,000 .0656 .0612 45,000 .0860 .0831 
50,000 .0693 .0646 50,000 .0931 .0893 
ternal friction, and the figures given in the Table mixed with powdered selenium. These were 


were obtained by an adjusted extrapolation. The 
results for sphalerite are given in Table XIII. 
The results for the powdered material are not 
given, in spite of their consistency, because of 
indefiniteness in the relative amounts of sphalerite 
and wurtzite. 

The values previously found for the compres- 
sion at 30° at 5,000 and 10,000 were 0.0064 and 
0.0126, against 0.0063 and 0.0123 found now. 
Previously a break was found at 30° in the neigh- 
borhood of 9,000, which was taken to indicate an 
obscure transition. If the effect is real it is be- 
yond the sensitiveness of the present measure- 
ments, for no such effect was detected. 

ZnSe. A first set-up was made with material 
made specially by a commercial house. The re- 
sults were smooth enough, but the appearance 
of the material was suspicious, and this was con- 
firmed by an X-ray analysis by Dr. Greninger, 
who found a fairly large fraction of free zinc. I 
accordingly attempted to synthesize it from the 
elements myself. At first only a very small yield 
was obtained under a variety of conditions, in 
quartz and in iron at temperatures from 500° 
to 1100° C. For these attempts massive slugs 
of zinc and of selenium of the proper weights 
were sealed together into the heated enclosure. 
Success was finally achieved only by finely divid- 
ing the material, using fine zinc filings intimately 


welded into an iron tube with very little free space 
and held at 1050° for 2.5 hours. A chemical 
analysis, for which I am indebted to Mr. A. A. 
Kasper of the Harvard Chemistry Department, 
showed 8.8 per cent of iron, and 1.0 per cent of 
free selenium. The final results are corrected for 
these impurities. 

Two set-ups were made with this synthetic 
material. At pressures above 35,000 there was 
a highly unusual amount of irregularity. The 
most plausible explanation of these irregularities 
is that there is a very sluggish polymorphic 
transition with small volume change, the high 
pressure form having an unusually great rigidity 
or internal friction, resulting in an unusually 
large difference between the increasing and the 
decreasing curves. This frictional effect was so 
large with one of the set-ups that the results ob- 
tained with it above the presumptive transition 
point could not be used, but the results given in 
the table above the transition are obtained from 
only one set-up, making an additive correction to 
bring the results into agreement with the aver- 
age of the two set-ups at 35,000. Up to 35,000 
the agreement between the two set-ups was as 
good or better than usual, considering the small- 
ness of the effect. At room temperature the two 
compressions at 30,000 were 0.0500 and 0.0512; 
at carbon dioxide temperature the figures were 
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0.0479 and 0.0487. In Table XIII the transition 
data are bracketed; the upper of the two pressures 
is the transition pressure at room temperature. 

There seem to be no previous measurements of 
compression for comparison. 

ZnTe. The first set-up on specially prepared 
material obtained from a chemical supply house 
gave results of a suspiciously high compressibility 
with a transition of fairly large volume change at 
very nearly the pressure of a known transition of 
tellurium. I accordingly synthesized the ma- 
terial myself from spectroscopically pure elements 
in quartz at 950° for 1.5 hours. The material was 
apparently perfectly homogeneous. Liquid tel- 
lurium and zinc both have a high fluidity and 
there was apparently no such difficulty as had 
been found with the selenium which had necessi- 
tated finely dividing the materials. 

Two set-ups were made with this synthetic ma- 
terial. Both gave at room temperature a transi- 
tion just above 40,000, but with a much smaller 
volume change than found with the first material. 
It is a coincidence that metallic tellurium and the 
compound have a transition at about the same 
pressure. At 50,000 the compressions given by the 
two set-ups were 0.0884 and 0.0962. Part of the 
difference is without doubt due to incomplete run- 
ning of the transition on one of the set-ups. In 
the results in Table XIII the larger of the two 
changes of volume was used, and the averages 
above the transition pressure corrected by the 
constant difference. Of course even the larger 
of the two volume changes may well be too 


small. At carbon dioxide temperature the transi- 
tion with one of the set-ups was so sluggish that 
no certain values could be obtained for it, and 
only the values of the other set-up, with a con- 
stant correction, were used above the transition 
point. At 35,000, just below the transition, the 
two set-ups gave at carbon dioxide temperature 
0.0630 and 0.0674 for the compressions. In Table 
XIII the transition data are intercalated in the 
columns in an obvious enough fashion. 

HgS. This compound occurs in two forms. 
The black is cubic, formed by processes of chemi- 
cal precipitation at relatively low temperatures, 
is comparatively unstable, being converted into 
the other form by heating, and is of doubtful oc- 
currence in nature. The other form is red, hex- 
agonal, occurs as a mineral in nature, and is pro- 
duced artificially at higher temperatures. Since 
all the other measurements of this paper have 
been made on cubic compounds I naturally de- 
sired to make the compression measurements on 
the black modification. Considerable effort was 
spent on this, but without success. The black 
modification was invariably converted by the 
preliminary application of 50,000 to the red. The 
details of the transformation were not investigated 
further. 

Measurements at high pressure therefore must 
of necessity be made on the red hexagonal modi- 
fication. The material was from Eimer and 
Amend, “e.p.” stock. Two set-ups were made. 
At room temperature the two compressions at 
50,000 were 0.1082 and 0.1089; at carbon dioxide 


TABLE XIV 
CoMPRESSIONS OF MERCURIC SULFIDE, SELENIDE, AND TELLURIDE 
HgS (red) HgSe 
Pressure em*/8.10 gm Pressure em*/8.312 gm 
kg/cm? kg/cm? HgTe 
CO, T. CO: T. 

5,000 .0241 .0224 5,000 .0090 .0085 Decomposes to the ele- 
10,000 .0427 .0399 ments under pressure. 
15,000 .0570 .0539 7,220 . 1090 0131) At room temperature 

. 1057 | there is a transition 

20,000 .0682 .0651 10,000 .1152 .1139 with an 8.4 per cent 
25,000 .0776 .0741 15,000 .1275 .1271 volume change at 
30,000 .0854 .0814 20,000 . 1378 . 1383 12,800 kg/cm? 
35,000 .0920 .0875 25,000 .1472 .1481 
40,000 .0980 .0929 30,000 .1555 . 1567 
45,000 . 1035 .0973 35,000 . 1626 . 1640 
50,000 .1014 40,000 1692 .1705 

45,000 .1751 1760 

50,000 1804 .1812 
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temperature they were 0.0940 and 0.1088. The 
agreement at room temperature is unusually good; 
the temperature coefficient is obviously uncertain. 

There seem to be no previous measurements 
of compression for comparison. 

HgSe. A set-up with material specially pre- 
pared by a chemical supply house gave suspiciously 
high results. Accordingly the material was syn- 
thesized from the elements in quartz at 950°, 
giving a homogeneous appearing product. With 
this two set-ups were made. There is a large 
and cleanly running transition near 7500. The 
two set-ups gave for the volume change at 50,000 
at room temperature 0.1782 and 0.1826; the cor- 
responding figures at carbon dioxide temperature 
were 0.1828 and 0.1796. 

There appear to be no previous measurements 
of the compression for comparison. 

HgTe. This was synthesized from the elements 
in quartz. Accurate measurements were found to 
be impossible because it decomposes into the ele- 
ments under pressure. HgTe is highly unusual 
in that it is formed from the elements with ex- 
pansion; decomposition will therefore be facili- 
tated by pressure. The decomposition is com- 
paratively slow, however, so that measurements 
of a sort could be made. The compound has 
at 22° a transition with large volume change, 8.4 
per cent, at 12,800 kg/cm*. This pressure is very 
near the freezing pressure of mercury (12,000) 
at the same temperature, so that the calculation 
of the transition data was complicated by this 
effect. However, the volume change at the transi- 
tion is 6.5 times greater than the volume change 
which would have arisen from the freezing of the 
mercury resulting from a complete decomposition 
into the elements, so that qualitatively there is no 
confusion from this complicating factor. By 
comparing the volume change of the transition 
with increasing and decreasing pressure it was 
possible to estimate that decomposition could 
not have been as much as one quarter completed 
by two excursions to 50,000 and back. The vol- 
ume expansion on formation from the elements 1s 
995 per cent at atmospheric pressure. A large 
part of this expansion is annulled by the transition, 
so that above the transition the tendency to pres- 
sure decomposition must be very much reduced. 

The compression of HgTe has been previously 
measured?#? to 12,000. In this range no decom- 
position appeared, but an unusual irregularity 
of the results was noted, which it now appears may 
have been due to beginning decomposition. ‘The 


compression previously found at 5,000 was 0.0093, 
somewhat greater than that of HgSe and thus 
in the expected direction, but still so small in 
amount as not to be safely beyond experimental 
error. 

It is plausible to suppose that the transitions 
of both HgSe and HgTe are from the cubic form 
known to be stable at atmospheric pressure to 
the hexagonal form of red HgS. The very much 
greater compressibility of the red HgS than either 
the cubic HgSe or HgTe is.to be noted. The table 
shows that the compressibility of HgSe takes a 
large upward jump on passing from the low pres- 
sure to the high pressure form, and this in spite 
of the decrease of volume. This is consistent with 
the suggestion that the high pressure forms of 
HgSe and HgTe are analogous to the hexagonal 
form of HgS. 

Incidentally the measurements on HgTe af- 
forded a confirming measurement on the high 
pressure transition of mercury which has been 
previously studied.4®° There was a_ sufficient 
amount of free mercury formed by decomposition 
to permit a determination of the pressure of the 
transition at room temperature (21.8°). This 
was found to be 35,000 kg/cm?, agreeing with the 
former value 34,460 within the limits of error 
of the present determination. 

This completes the measurements of simple 
binary compounds. There follows now measure- 
ments on several elements the compressibility 
of which is high enough to give fairly accurate 
results with this apparatus. 

Sulfur. The material was clear single crystal 
material, which I had prepared a number of years 
ago by slow crystallization from a CS. solution. 
Two set-ups were made at each temperature. At 
room temperature the two compressions at 50,000 
were 0.2018 and 0.1904; at carbon dioxide tem- 
perature the corresponding figures were 0.1851 and 
0.1722. 

Rough measurements previously*® been 
made of the compression up to 45,000 kg/em?. 
The agreement with the present values is very 
close up to 25,000, but beyond that the former 
values become larger, being 0.195 at 45,000 against 
the present 0.159. One of the two present runs 
agreed with the former results almost exactly 
over the entire range. 

Selenium. The material I owe to the courtesy 
of the American Smelting and Refining Co., who 
had especially purified it. It was provided in the 
form of powder. For these measurements I sealed 
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TABLE XV in (0°v/dp*),, and is to be described formally as 

COMPRESSIONS OF SULFUR, SELENIUM, AND TELLURIUM) ® transition of the third kind. 
There are no previous measurements to high 
Sulfur Selenium Tellurium pressures for comparison. The average compressi- 
Pressure | ¢m*/2.07 gm |em*/4.875 gm |em3/6.316 gm __ bility between 100 and 500 kg/cm? has been found 
kg/cm? by Richards, Stull, and Brink** to be 11.6 x 10-8 
R. T. |}CO2T.| R. T. |CO2T.| R. T. |CO2T. against 10.6 x 10—-® by extrapolation of the pres- 

ent high pressure values. 

5,000 | .0476) .0398) .0490) .0447).0256 |.0235 Tellurium. The material was purified by the 
10,000 | .0833) .0720) .0893) .0813/.0458 | .0420 Research Department of the Raritan Copper 
20,000 | |1187| 1490] 1362/0774 Works some 15 years ago, and has been in my 
25.000 | 1485! .1350| .1702| .1355!.0908 |.0836 stock since. I had removed the gas from it by 
30,000 .1477| .1865| .1697|.1018 |.0953 prolonged melting in high vacuum. Two set-ups 
35,000 | .1728] .1576| .1987| .1803].1129 |.1065 Were made at both temperatures. There is a 
40,000 | .1817| .1657) .2081| .1897|.1225 |.1170 transition, which was known before,*§ with a vol- 
* ¢t ume change of 5 per cent, near 40,000. The range 
45,000 | .1894; .1726) .2175) .1987|.1817 |.1709 above this is rather short for giving the com- 
50,000 | .1961) .1786) .2265) .2071).1907 |.1810 pressibility of the high pressure modification, 


* Transition at 40,130. 
0.1227 and 0.1724. 

+ Transition at 41,160. 
0.1193 and 0.1629. 


Compressions at transition 


Compressions at transition 


it into pyrex, melted it with a bunsen burner 
until the evolution of bubbles of gas had practi- 
cally ceased, allowed it to cool in the air, and then 
chilled the tube in liquid air so as to make separa- 
tion from the glass easier. The product was a 
shiny black glass. Two set-ups were made at 
each temperature. One might be prepared to find 
some permanent change produced by the applica- 
tion of pressure, but there was no evidence of this. 
At room temperature and 50,000 the two set-ups 
gave 0.2311 and 0.2219 for the compression, and 
at carbon dioxide temperature 0.2116 and 0.2027. 

The value of the density used in the calculations 
was 4.875, calculated from the X-ray determina- 
tions given in Wyckoff. Much lower figures are 
often quoted; these doubtless refer to the glassy 
as distinguished from the crystallized condition, 
and might well be more appropriate to use in 
the present circumstances. 

If the differences of compression for 5,000 in- 
tervals are plotted, a very distinct break in the 
direction of the curve will be found near 34,000. 
This is a quite unmistakable phenomenon; it 
occurs at both temperatures, and was shown by 
both set-ups with close quantitative agreement. 
It seems plausible to suppose that it is connected 
with a taking of the “slack” out of the intermo- 
lecular spaces of the glass by the operation of 
pressure. It cannot be a crystallization phenome- 
non, for such would be irreversible, and no such 
effects were found. It amounts to a discontinuity 


particularly when one considers the width of the 
region of indifference. One of the set-ups did 
not give as good values as the other; the first 
differences for the poorer set-up above the transi- 
tion were extrapolated from the values below 
the transition. The better set-up gave no evi- 
dence for any important change in compressibility 
on passing through the transition. At room tem- 
perature the values for the total compression at 
50,000 were 0.1979 and 0.1835; the corresponding 
figures at carbon dioxide temperature were 0.1875 
and 0.1745. 

Previous measurements*® of the compression 
in the range up to 12,000 give for the compressions 
at 5,000 and 10,000 0.0231 and 0.0418 respectively, 
against the present values 0.0256 and 0.0458. 

Antimony. The material was Kahlbaum’s “kK” 
grade, obtained a number of years ago. It had 
been further purified by making it into single 
crystals from the melt. For these measurements it 
was cast In pyrex, and turned to dimensions. Two 
set-ups were made at both temperatures. At 
room temperature the two compressions at 50,000 
were 0.0977 and 0.0995; at carbon dioxide tempera- 
ture they were 0.0932 and 0.0958. 

A transition is to be looked for, because of the 
chemical similarity between antimony and bismuth. 
A previous exploration®® with a_ sensitive 
earlier form of apparatus had given negative re- 
sults. No evidence for it was found now with 
the present more sensitive apparatus. Some 
evidence for it has been found in explorations with 
the shearing apparatus.5® It is not impossible that 
the transition is suppressed by viscous effects in 
these more nearly hydrostatic conditions. 
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46 BRIDGMAN 
TABLE XVI TABLE XVII 
COMPRESSION OF ANTIMONY CoMPRESSION OF BISMUTH 
AV AV 
Pressure em*/6.684 gm Pressure em*/9.80 gm 
kg ‘em? kg/cm? 
CO, T. T. CO, T. 
5,000 .0130 .0123 5,000 .0144 .0137 
10,000 .0249 .0234 10,000 .0278 .0265 
15,000 .0362 .0338 15,000 .0407 .0390 
20,000 .0465 .0434 20,000 .0524 .0509 
25,000 .0565 .0526 25,000 .0639 .0622 
30,000 .0659 .0615 .0692 
35,000 0747 0701 
40,000 .0829 .0783 28,020 = 
45,000 .0910 .0865 . 1540 
50,000 .0986 .0945 30,000 . 1565 . 1560 
35,000 .1619 . 1609 
The compreession has been previously meas- 40,000 . 1661 . 1652 
ured®! to 12,000. The former values of the com- 40,740 .1676\ 
pression at 5,000 and 10,000 were 0.0127 and 0.0239 1700) 
against 0.0130 and 0.0249 above. — ro 
Bismuth. The material is the same as used in 45,000 1729 1725 
a number of my other measurements, most re- 50,000 1759 1757 
cently for the determination of a pressure fixed 
point.2 It had been purified a number of years 
ago by a double electrolytic deposition. Three TABLE XVIII 
set-ups were made at both temperatures. The COMPRESSION OF RUBBER 
first of these gave values much too high for some 
unknown reason, and was discarded. The com- AV 
pressions given by the two set-ups that were Pressure em*/1.91 gm 
retained were at 50,000 and room temperature kg/cm? 
0.1743 and 0.1775; the corresponding figures at &. T. CO: T. 
carbon dioxide temperature were 0.1746 and 
0.1768. The results are given in Table XVII. 9,000 . 1300 -0794 
Bismuth has three new polymorphic forms at 10,000 - 1800 1285 
high pressure. The transitions from I to II and 
7 20,000 . 2345 .1772 
from II to III occur so nearly at the same pres- 25, 000 9535 1958 
sure that it was beyond the resolving power of 30,000 2700 9119 
this apparatus to attempt to separate them. The 35,000 2845 2254 
transition pressures given in the table were the 40,000 2960 2364 
mean results obtained with this apparatus; better 45,000 .3050 . 2460 
values have been found before with more suitable 50,000 .3124 . 2540 


apparatus.5* The high pressure transition, from 
III to IV, on the other hand is probably charac- 
terized better by the values given in the table 
than I have been able to do before. In any event, 
the variation of the transition pressure with tem- 
perature is very uncertain because of the great 
sluggishness. 

The compression has been previously measured®* 
in the range to 12,000. The former compressions 
at 5,000 and 10,000 were 0.0141 and 0.0270 against 
0.0144 and 0.0279 now. 


The very marked drop of compressibility on 
passing from I to III is to be commented on; 
it is much beyond any possible experimental error. 
On the other hand, the error is too great to cer- 
tainly establish any difference in compressibility 
between III and IV. 

Rubber. The measurements were made merely 
for orienting purposes to provide data for com- 
puting the proper size for packing washers in- 
tended for use to high pressures. The material 
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was a commercial soft packing, black, and of ap- 
proximately 1.9 density. Only a single set-up was 
made, at both temperatures. The results are 
given in Table XVIII. As is to be expected, this 
material is highly compressible, much more com- 
pressible than any other substance of this paper, 
although not as compressible as some of the al- 
kali metals. The compression is much greatest 
at the lowest pressures; the volume decrement 
between 0 and 5,000 is 17.6 times greater than 
between 45,000 and 50,000. So large a decrease 
of compressibility with pressure is characteristic 
in general of a liquid rather than a solid, and in 
fact rubber under ordinary conditions is doubtless 
more like a liquid than a crystalline solid. The 
unusually large decrease of compression at the 
lower temperature is also to be noticed. 


GENERAL DISCUSSION 


Some general remarks should first be made on 
the accuracy of the results. It is probable that 
a fairly good idea of the accuracy for any par- 
ticular material is afforded by the agreement of 
the results obtained with the different set-ups, 
but with so many materials there must be some 
examples of fortuitous unusual combinations of 
errors. Judged in this way, different materials 
display a considerable range of probable accuracy. 
This variation in accuracy is, I believe, not by 
any means all to be ascribed to the method, but is 
doubtless in part due to the material. Irregulari- 
ties to be ascribed to the material might arise from 
rarying chemical purity, from imperfectly de- 
fined physical condition, and from _ excessively 
high internal friction. Any significant errors aris- 
ing from imperfect chemical purity are restricted, 
I believe, to the selenides and tellurides of calcium, 
strontium, and barium. It is known that some 
of these are unstable in the air, and BaSe was 
obviously unstable to severe mechanical handling. 
Every effort was made to protect these materials 
as much as possible from the air during the 
filling of the apparatus, but the difficulty in doing 
this, and also the fact that different set-ups were 
made at different intervals of time after the syn- 
thesis, makes a certain amount of chemical un- 
certainty almost inevitable. Error from indefi- 
niteness of physical condition is to be expected 
chiefly in those substances capable of existing in 
an amorphous rather than a crystalline condition 
in the solid. Such a state of affairs is to be ex- 
pected primarily among those substances which 
have high melting points and are formed as a fine 
powder by chemical precipitation. The sulfides 


of calcium, strontium, and barium preeminently 
belong here, and also probably PbSe and to a 
less extent PbTe. In one extreme case, that of 
MgO, the amorphous effect has been demon- 
strated®4 to give an apparent compressibility 
nearly twice too high. The effect is doubtless not 
so high as this for any of the materials of this 
paper, but nevertheless I believe it may be quite 
appreciable for those materials mentioned. To 
get authentic values of compressibility, massive 
crystallized material should be used, but in a 
number of cases this apparently has never been 
prepared. The amorphous effect appears to play 
a quite minor role among the halides; these prob- 
ably recrystallize on compression. With regard 
to error from excessive internal friction, this may 
be expected to be high among the brittle materials 
with high melting point. The effect manifests 
itself in irregular departures from smooth curves; 
even the sign of the resulting error is difficult to 
estimate. In the detailed presentation of data 
those instances have been specifically mentioned 
where I believe the effect to be important; ZnSe 
is perhaps the most striking. 

In using the results it should be continually 
remembered that the measurements are of vol- 
ume decrement. It is this which is known most 
accurately, and any derived quantity, such as the 
compressibility computed from the slope of the 
curve, must be known less accurately. Further- 
more, the measurements are less accurate at the 
ends of the range; in particular too much signifi- 
cance should not be attached to any large change 
in the trend of the slopes at the upper end of the 
range. The shape of the curve of compression 
is doubtless best in the range from 10,000 to 40,000. 

The polymorphic transitions are the most strik- 
ing phenomena to be considered first in a general 
discussion. Of the 39 simple compounds investi- 
gated here, 15 show transitions below 50,000, not 
counting the three transitions of the ammonium 
halides near atmospheric pressure. Of these, six 
have been previously studied;!® 1° these are of 
the rubidium and potassium halides. The volume 
change of these transitions is large, varying from 
8.5 per cent for KI to 14 per cent for RbCl. The 
viscous resistance to the transition is not par- 
ticularly high, the latent heat is low, and it is 
almost certain from theoretical considerations, 
and from actual experimental demonstration by 
Jacobs!* in the case of RbCl, that the high pres- 
sure modification has the CsCl structure. The 
transitions of the three rubidium salts occur at 
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approximately 5,000 kg/cm*, and those of the 
three potassium salts at 19,000. Jacobs has had 
a certain degree of success in discussing these 
transitions from the quantum mechanical point 
of view. His calculations suggest that the sodium 
salts should have no such transition at any pres- 
sure, and this agrees with my experimental results 
up to 50,000, or even nearly 60,000 in some ex- 
ploratory experiments. These six transitions are 
similar in having very little change of compressi- 
bility on passing through the transition. Another 
interesting result obvious on plotting the data 
in the Tables is that the relative volumes (taking 
as unity the volumes at atmospheric pressure) 
of the CsCl high pressure modifications at the 
pressure of transition of the three potassium 
salts are much more nearly equal than the volumes 
of the low pressure NaCl modifications below the 
transition. Of the halides of the other elements, 
the forms investigated here have the CsCl struc- 
ture, but NH,I is known to have NaCl structure 
at atmospheric pressure at room temperature, 
and NH,Cl and NH,Br have NaCl structures at 
higher temperatures at atmospheric pressure. The 
three thallium halides are initially of CsCl struc- 
ture, and show no change under pressure. Of 
the silver compounds, AgI is known to have a 
large transition at about 2,000; Jacobs!® has 
found by X-ray analysis that the transition is 
from the ZnS structure to the NaCl structure. 
His calculations indicated that, unlike the sodium 
salts, a further transition to the CsCl structure 
is to be anticipated at high pressure, but none 
was found. AgCl and AgBr were previously 
found to have small sluggish transitions near 
25,000. As already mentioned, although possible 
evidences of them were found in this work, there 
was nothing very definite, and the results of the 
Table are smoothed over any possible transition. 
These two salts are of NaCl structure, so that a 
transition to the CsCl type is to be looked for. 
Because of the smallness of the volume change it 
is hardly probable that the transition suspected in 
the former experiments, even if it really exists, 
can be of this type. 

Turn now to the transitions of the sulfides, sele- 
nides and tellurides. These are all new; further- 
more no theoretical calculations appear to have 
been made for this series of compounds which 
would suggest either at what pressure transitions 
might be anticipated or what the structural change 
is. Among the alkali earth compounds, BaTe 
alone has a transition, and this at the very top 


Since these salts are nor- 
mally of NaCl structure, a change to CsCl type 
suggests itself, but if so, the volume change is 
much smaller than in the other known examples. 


PbS, PbSe, and PbTe are all normally of NaCl 


of the pressure range. 


structure, and all have transitions. If this transi- 
tion is of the KCl type, it differs from that of 
the potassium and rubidium halides in the small- 
ness of the volume change, and in the considerable 
variation of the pressure of transition through 
the series. This occurs at 25,000 for the sulfide 
and roughly 42,000 for the selenide and telluride, 
instead of all at the same pressure. Again there 
is no important change of compressibility on 
passing through the transition. The zine com- 
pounds are all initially of ZnS (cubic) structure. 
ZnSe and ZnTe have transitions at 38,000 and 
41,000 respectively. The most immediate sup- 
position is that the transition is from the ZnS to 
the NaCl structure, analogous to the known 
transition of AgI, but the volume change is an 
order of ten lower. Again there is no notable 
change of compressibility on passing through the 
transition. Finally there are the transitions of 
the mercury compounds; here qualitatively dif- 
ferent phenomena are encountered. HgS ordi- 
narily exists in two forms, a red, hexagonal, and 
a black, of NaCl structure. The black modifica- 
tion has a 7.5 per cent smaller volume than the 
red, and has been found in this work to be con- 
verted into the red by pressures of 50,000 at room 
temperature, although it is apparently stable up 
to 12,000. The initial forms of HgSe and HgTe 
are of NaCl structure, but these have transitions 
at pressures of roughly 7,000 and 13,000 with a 
volume change of the order of 9 per cent. It 
suggests itself that the change is to the red struc- 
ture; this, as has already been mentioned, is con- 
firmed by the behavior of the compressibility, 
which is much greater for the red modification 
of HgS, and which also increases abnormally on 
passing from the low to the high pressure modi- 
fication of HgSe. If the structure of the high 
pressure modifications is hexagonal, this would be 
the only example among these substances, the other 
transitions being from one cubic form to another. 
Among these cubic forms the order of stability 
seems to be, from less to greater, ZnS, NaCl, and 
CsCl. No transition of the latter is known. 
Next with regard to the compressions them- 
selves. At 50,000 these range in magnitude from 
22 per cent for selenium, and 20 per cent for Csl 
down to 5 per cent for ZnS (disregarding in this 
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enumeration the effect of transitions). Among 
the halides of the alkali metals the progression is 
fairly uniform, the compression increasing as the 
weight of either the metal or the halogen increases. 
The same progression also appears at high pres- 
sures in the ammonium halides; at low pressures 
there are irregularities in the relations of the 
chloride and bromide associated with the different 
signs in the anomolies of thermal expansion which 
these exhibit at atmospheric pressure. The thal- 
lium halides again show the same progression; 
the absolute compression of the chloride is about 
the same as that of NaCl, but the increase on 
progressing to the iodide is only about one half 
what it is in the sodium series. The least com- 
pressible of the univalent halides investigated 
here are those of silver; this is to be expected. 
Their compression is only about one half that of 
the caesium salts. The compression of AgI above 
the transition is quite in line with that of the 
chloride and bromide, if the volume decrement at 
the transition is subtracted. 

The regularities are not so consistent in the 
series of sulfides, selenides, and tellurides. If one 
considers the alkali earth series, there is the same 
increase of compression on passing from the same 
salt of calcium to strontium to barium that is 
found in the alkali metal series. But if the 
alkali earth stays constant and the other element 
changes, the progression is not so regular. The 
selenide is always less compressible than the tel- 
luride, but the sulfides of calcium and strontium 
are distinctly more compressible than the corre- 
sponding selenide. BaS has initially exactly the 
same compressibility as BaSe and falls only slightly 
behind it at the highest pressure. I am inclined 
to think that these effects are not real, but at any 
rate in large part are due to excessive compressi- 
bility of the sulfide because of an excessive frac- 
tion of amorphous material. In the lead series 
the selenide is out of line, being, below the transi- 
tion, more compressible than either sulfide or 
telluride. This effect may be genuine. In the 
zine series the progression is normal from sulfide 
to selenide to telluride, but with an initial close 
crowding together of selenide and telluride. In 
the mercury series, comparisons are prevented by 
the transition. The abnormally high compressi- 
bility of the hexagonal modification of HgS has 
already been commented on. 

We next consider the general shape of the 
curves of volume decrement against pressure. A 
rough indication of the shape of the curves is 


given by the ratio of the volume decrement at 
50,000 to that at 25,000.* If the relation were 
linear in the pressure, this ratio would be exactly 
2; the greater the departure from 2 the greater 
the curvature and the greater the decrease of com- 
pressibility with increasing pressure. These ratios 
are given in Table XIX for all the materials of 


TABLE XIX 


AV 50,000 / AV 25,000 Ratio, 
ubstance 
Experimental) Calculated 

NaCl 1.640 1.74 1.06 
NaBr 1.598 Be 1.07 
Nal 1.510 1.65 1.09 
CsCl 1.586 1.69 1.07 
CsBr 1.560 1.66 1.06 
CsI 1.542 1.62 1.05 
NH,Cl 1.542 1.70 1.10 
NH,Br 1.595 1.675 1.05 
NH,I 1.494 1.64 1.10 
AgCl 1.729 1.83 1.06 
AgBr 1.794 1.83 1.02 
TICI 1.605 1.73 1.08 
T1Br 1.527 1.71 1.02 
TU 1.492 1.68 1.025 
CaS 1.502 1.83 1.22 
CaSe 1.729 1.85 1.07 
CaTe 1.716 1.84 1.07 
SrS 1.400 1.80 1.285 
SrSe 1.706 1.86 1.09 
SrTe 1.656 1.80 1.09 
BaS 1.608 1.82 1.13 
BaSe 1.654 1.82 1.10 
BaTe 1.656 1.79 1.08 
ZnS 1.764 1.90 1.08 
HgsS 1.397 1.75 1.25 
In 1.678 1.82 | 1.08 
Sb 1.738 1.81 1.04 
Ss 1.315 1.57 1.19 
Se 1.325 1.55 1.17 


this paper for which the calculation is not made 
impossible by the entrance of a polymorphic 
transition. If this ratio is plotted against the 
absolute value of the volume decrement at 25,000, 
a very definite correlation will be seen, igh 
values of the ratio tending to be associated with 
small absolute compressions. Or, the smaller the 
absolute value of compressibility, the smaller the 
fractional decrease of compressibility for a fixed 
increase of pressure. This correlation has been 


* This ratio, JVs0,00/4Vs,00, Will be abbreviated 
in what follows as the “50-25 ratio.” 
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known over a smaller pressure range for some time. 
Another way of exhibiting the same trend is to 
compare the 50-25 ratio with the ratio calculated 
by the simple one constant formula of Murnaghan’s 
theory of finite strain.°° This formula is p = 
a(f + 5f*), where f = 34 {(V,/V)** — 1}. Given 
AV May be calculated, and the equation 
solved for “a.” p may then be put equal to 50,000, 
and the corresponding f and thence JVs, and 
finally the 50-25 ratio calculated. These cal- 
culated ratios are given in the third column of 
Table XIX. Murnaghan’s one constant formula 
has the property just discussed, namely that a 
smaller fractional decrement of compressibility 
goes with a smaller absolute value of compression, 
so that in this respect the simple formula repro- 
duces qualitatively the situation, as it was known 
it must. But if the formula exactly reproduced 
the facts, the ratio predicted by it should agree 
with the experimental ratio. The extent to which 
it satisfies this condition is shown by the fourth 
column of the table. The ratio of the ratios is 
without exception high; that is, the compressibility 
in all cases falls off more rapidly with increasing 
pressure than is given by Murnaghan’s one con- 
stant formula. The deficiency varies roughly 
from 2 to 10 per cent. CaS, SrS, and HgS fall 
notably out of line. Of these the first two are 
doubtless due, as shown in the discussion, to de- 
ceptive values due to imperfectly crystallized ma- 
terial, while the behavior of HgS is probably to 
be ascribed to its different crystal system. One 
might perhaps be inclined to think that the ab- 
normally high compressibility of red HgS could 
also be due to a high fraction of amorphous ma- 
terial in the original powdered material. This 
ean hardly be the case, however, because the same 
high compressibility was shown by the red which 
had been formed by transformation from the 
black; the mere occurrence of the transition would 
ensure that under these conditions the bulk of 
the material is crystalline. The ratio for BaS 
also falls somewhat out of line, but to a much 
smaller extent. The unusual shape of the com- 
pression of selenium has already been commented 
on; the discontinuity in (07v/dp*), at high pres- 
sures results in an abnormally low value for the 
50-25 ratio. 

The fact that the 50-25 ratio is not a function 
of 2Va.«0 only, but is scattered through a band, 
means that if all the curves of compression are 
plotted in a single diagram some crossing will be 
found. For example, the following pairs cross: 
CsCl and TII; NaI and CsBr; BaS and SrS. 
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The slope of the curve of compression, that is, 
the compressibility, decreases for most of these 
substances by from 33 to 50 per cent in the range 
to 50,000. 

The two constant form of Murnaghan’s formula, 
p = af + bf*, would doubtless, with the most ad- 
vantageous choice of the constants, be capable of 
representing the experimental results over the 
entire pressure range. I did not check this in any 
detail, however. If much more elaborate compu- 
tations are to be attempted it would probably 
be more rewarding to use one of the forms of 
equation given by wave mechanics. 


Finally, the temperature effects are to be con- | 


sidered. Warning has already been given that the 
accuracy of these results is not as great as desir- 
able, and that the results can be used only to 
establish general trends. 

There is one rule to which there are few ap- 
parent exceptions, namely that the compressions 
are less at carbon dioxide temperature than at 
room temperature. This would be expected in- 
tuitively. Furthermore if the differences of com- 
pression at these two temperatures are plotted 
against pressure, the curves in general rise 
smoothly with pressure, some gently convex and 
some gently concave toward the pressure axis. 
Evidently the precise slope of these curves is sub- 
ject to experimental error. For NH,Cl, however, 
the departure of the curve from linearity is so 
large that it must be beyond experimental error, 
and is doubtless associated with the known ab- 
normalities at atmospheric pressure near — 40°, 
and the variation of these with pressure. 

One would like to be able to deduce from the 
measurements the variation with pressure of the 
average thermal expansion over the temperature 
range. This evidently demands a knowledge of 
the thermal expansion at atmospheric pressure. 
Unfortunately this seems to be known only for the 
halides of the alkali metals and ammonium; these 
data will be found in I.C.T. Even these show 
irregularities in the progression in a chemical 
series that make one suspect large inaccuracies 
in some of the atmospheric data. What one 
would expect is that at high pressure the natural 
frequency of atomic vibration would increase 
because of increased rigidity of the atomic con- 
straints, and that therefore the thermal expansion 
would decrease. If the calculation is made for 
the alkali halides (Table XX), it will be found 
that except in one instance, that of Nal, this ex- 
pectation is justified. Incidentally there is here 
a check on the intrinsic probability of the experi- 
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TABLE XX 
EFFECT OF PRESSURE ON THERMAL EXPANSION 
Volume Decrement on 
Cooling 20° C. to 
Column 
Substance 3 to 2 
At atmos. At 50,000 
pressure kg/cm? 

NaCl 0.0107 .0048 45 
NaBr .0117 .0092 
Nal .0120 .0130 1.08 
KCl* .0101 .0000 .00 
KBr* .0110 ~ .0012 an 
kI* .0123 .0038 31 
RbCl* .0186 .0132 71 
RbBr* .0110 .0036 .33 
RbI* .0165 0077 AT 
CsCl .0200 .O118 .o9 
CsBr .0140 .0081 .08 
CsI .0146 .0039 .27 


* The transition is included in the effect. 


mental results; if the compression to 50,000 at the 
lower temperature as measured here is less than 
the measured compression at room temperature 
by an amount greater than the thermal contrac- 
tion on cooling at atmospheric pressure from 
room temperature to carbon dioxide temperature, 
then a negative thermal expansion is demanded at 
50,000, a highly improbable result for normal sub- 
stances. Of the substances above, KCl is the only 
one which just touches this limitation. A rough 
average of all the results is that the average ex- 
pansion at 50,000 is one half that at atmospheric 
pressure. So large a change means a very con- 
siderable change in the effective characteristic 
temperature. It would appear however, that in 
general 50,000 kg/em? is too low a pressure to 
bring the temperature phenomena normally char- 
acteristic of a few degrees above zero absolute up 
to the temperature of the present measurements. 

I am indebted to my assistant Mr. L. H. Abbot 
for making all the readings, and to Mr. P. W. 
Johnston and Mr. Charles Chase for assistance 
in setting up the apparatus. For financial assist- 
ance I am indebted to the Francis Barrett Daniels 
Fund of Harvard University and to the Rumford 
Fund of the American Academy of Arts and 
Sciences. 
ResearcH LABoraTory OF PHysiIcs, 

Harvard University, Cambridge, Mass. 
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